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Abstract 
Phosphite, a chemical analogue of orthophosphate, controls disease symptoms and 
spread of Oomycete plant pathogens, particularly those caused by Phythophthora 
spp. Phosphite can be applied to horticultural and native plant species as a foliar 
spray or trunk injection and results in in planta phosphite concentrations of between 
25 - 425 µg g
-1 dry weight (equivalent to  0.3 – 6.0 mM).  However, despite its 
extensive use it is not known why phosphite is biostatic towards oomycetes, although 
several mechanisms have been proposed.  
This thesis aims to devise and test a biochemical model of phosphite action that 
could account for the observed effects of phosphite on the interaction between 
Phytophthora cinnamomi and a susceptible plant host. However, prior to this it was 
necessary to devise a test to assess the concentration of phosphite in planta and to 
establish that phosphite needs to be present at the plant /pathogen interface in order 
to have an effect.  A silver nitrate staining method was developed and its ability to 
detect phosphite was assessed in a variety of native Australian and horticultural 
plants. The method demonstrated that phosphite concentrations of between 1 and 3 
mM were present in the tips of the roots of lupins that had been foliar sprayed with 
0.5 % phosphite (equivalent to 62 mM) and that in most instances, these 
concentrations were sufficient to completely control the development of disease 
symptoms. 
As phosphite is chemically similar to orthophosphate its presence in a cell is likely to 
interfere with many aspects phosphate metabolism in both plant and pathogen. In 
order to discern the mechanism of action of phosphite it was important to separate 
the antipathogenic effects from the general/ pleotropic effects.  A bioassay was 
devised whereby the roots of lupin seedlings were inoculated with filter paper discs 
that had been colonised with P. cinnamomi isolate MP94-48 and then treated with 
phosphite or other chemicals that would be expected to reduce its pathogenicity. The 
extent of lesion development and the root growth below the point of inoculation were 
the two parameters by which the effect of the chemicals on pathogenicity was 
assessed.   
Increasing either the concentration of orthophosphate (0 – 100 mM) or phosphite (0 – 
10 mM) in the growth medium of P. cinnamomi colonised discs reduced lesion 
development on inoculated lupin seedling roots.   Orthophosphate concentrations of iv 
between 3 – 10 mM, in combination with 1 mM phosphite did not reduce the extent of 
lesion development.  In contrast, plants inoculated with discs treated with 
concentrations of orthophosphate above 10 mM together with 3 and 10 mM 
phosphite, lesions were reduced when compared to plants inoculated with discs 
treated with phosphite alone.   
The inhibition of phosphatase activity in P. cinnamomi is often proposed to be a 
primary effect of phosphite. Treatment of P. cinnamomi colonized discs with the 
phosphatase inhibitors okadaic acid, sodium fluoride, and a mixture of inhibitors 
containing sodium vanadate, sodium molybdate, sodium tartrate and imidazole, 
neither decreased nor increased the development of lesions, and no change in the 
degree of phosphorylation of cytosolic proteins could be detected by Pro-Q Diamond 
phosphoproteins staining. The addition of the kinase inhibitor staurosporine (0.1 - 1 
mM) reduced lesion development on lupins and this effect was augmented slightly, 
but significantly, by the addition of phosphite (3 mM).   It was not possible to draw 
any conclusions from the results of experiments testing the effect of addition of 
exogenous cAMP or the phosphatase inhibitor phenyl arsine oxide to colonised discs 
on the ability of P. cinnamomi to produce lesions in lupins. These results suggest that 
phosphorylation reactions and cascades may not be the primary control mechanism 
in either initiation or inhibition of phytopathogenesis.  However, the addition of 
glucose (30 mM) increased pathogenicity and the development of lesions. 
As evidence exists that abscisic acid (ABA) increases the susceptibility of plants to 
infection by Phytophthora spp. and that ABA signaling involves phospholipase D 
(PLD) the effect of inhibitors on this signaling pathway were tested on the ability of P. 
cinnamomi to produce lesions. Primary, 2
o and 3
o butyl alcohol, as well as the 
guanine nucleotide exchange factor (GEF) inhibitor brefeldin A, and ABA itself were 
added to cultures of P. cinnamomi.   The application of either 1
o, 2
o or 3
o butyl alcohol 
to P. cinnamomi colonised discs had no effect on lesion development, which would 
be expected were the generation of phosphatidic acid per se was vital to 
pathogenicity. However, Brefeldrin A (10 - 250 µM) had a highly significant and 
concentration dependent effect on the development of lesion on lupins. These results 
suggested that a member of the Ras-superfamily (such as an ADP ribosylation 
factor) is likely to be involved in the development of lesions and that the exchange of 
GDP for GTP on this protein is required for pathogenesis. The results from the 
bioassays of addition of exogenous ABA to P. cinnamomi colonised discs were v 
ambiguous and additional experimentation is needed to elucidate the role of ABA in 
the phytopathogenesis of P. cinnamomi.   
Calcium ion signatures and cytosolic gradients are known to be important 
components of many signal transduction pathways and increased soil calcium can 
limit the development of Phytophthora disease.  The effect of external calcium ion 
concentration and the calcium channel blockers ruthenium red (RR), lanthanum 
chloride (La
3+) and the calcium ion chelator EGTA on the development of lesions was 
investigated. The results of the bioassays indicated that external calcium ion 
concentration, RR and La
3+ (100 µM) reduced lesion development significantly as did 
EGTA (1 mM) and that this reduction was further enhanced in the presence of 
phosphite.  
The combined role of phosphite and external calcium ion concentration was further 
investigated in a glasshouse pathogenicity trial using P. cinnamomi and the 
Australian plant Banksia leptophilia in a factorial nested pot design with foliar 
phosphite and soil calcium sulphate concentration as independent variables.  The 
results one year post-inoculation confirmed that when foliar phosphite (0.1% - 0.3%) 
was used in conjunction with soil supplementation with calcium sulphate (3 – 30 mM) 
disease symptoms and lesion development were significantly reduced and general 
plant health was improved.  
The combined results of these experiments suggested not only a role for calcium ion 
concentration and signaling in pathogenicity but, together with the 35-fold increase in 
PPi concentration, imply that inhibition of the calcium dependent ATPase responsible 
for regulating cytosolic Ca 
2+ concentration may be the cause of the antipathogenic 
effect of phosphite in P. cinnamomi.  Calcium dependent ATPases are known to be 
involved in the gravitropic response of roots as well as the polar growth of pollen 
tubes (i.e. presence of the Ca
2+ channel blocker La
3+ results in inhibition of the 
gravitropic and polar response).  Preliminary results of the effect of phosphite on the 
gravitropism of lupin seedling roots indicate that phosphite does inhibit the gravitropic 
response, suggesting that there is a causal link between the mechanism of action of 
phosphite and calcium-dependent ATPases.   vi 
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 1 
1 :   Introduction 
This thesis was undertaken to determine at a biochemical level how phosphite 
prevents Phytophthora dieback disease symptoms from developing in phosphite 
treated plants.  Previous data on the mechanism of action of phosphite were 
reexamined in the light of new scientific developments, and more recent data were 
analysed in terms of previously proposed hypotheses.  
Initial experimental work demonstrated that phosphite application to the pathogen 
alone was sufficient to reduce its pathogenicity on lupin seedlings without necessarily 
being accompanied by a pro rata reduction in pathogen growth in vitro. This 
suggested that phosphite could induce resistance in plants via the pathogen, or that 
the pathogenicity of P. cinnamomi was being affected by phosphite.  Further 
experiments investigated the mechanisms of phytopathogenesis that were being 
affected by phosphite.  
As orthophosphate has been shown to affect the toxicity of phosphite in P. palmivora 
(Griffith et al., 1993), the interaction between phosphite and orthophosphate was 
investigated. The experiments involving phosphatase and kinase inhibitors, 
exogenous cAMP and glucose levels were designed to test possible links between 
the reduced pathogenicity of P. cinnamomi and disruption of the signalling pathways 
involving these molecules.  However, due to the interdependence of many signalling 
cascades, the possibility that reduced pathogenicity was being caused by 
perturbation of signaling pathways and molecules that were not directly related to 
phosphite, or orthophosphate, had to be considered. The abscisic acid – 
phospholipase D signalling network was selected for further investigation as abscisic 
acid had been implicated in the increased pathogenicity of Phytophthora spp.. (Ward 
et al., 1989; Mohr and Cahill, 2003).  The subsequent decision to test the effect of 
calcium ions and calcium channel inhibitors on P. cinnamomi was a logical 
consequence of the central importance of calcium signalling generally, and the ability 
of calcium salts to specifically inhibit the development of disease caused by 
Phytophthora spp. (Coffey and Joseph, 1985; Sugimoto et al., 2005).  
In formulating a biochemical model that could explain how phosphite reduces the 
phytopathogenicity of P. cinnamomi, or stimulates the plant’s defense system, it 2 
became apparent that certain assumptions would need to be made.  These 
assumptions are the tenets of the thesis, and are presented below.   
1.1  The tenets of the thesis 
1.  The first tenet:  The structural and chemical differences, and similarities, 
between phosphite and orthophosphate are ultimately responsible for the 
primary effects of phosphite.   
The similarities between the two phosphorus containing molecules allow phosphite to 
substitute for orthophosphate in some situations, and differences between the two 
anions will preclude it from doing so in others.  When phosphite is ”recognised” it will 
have an effect.  However,  manifestation of these effects will depend not only on how 
much phosphite is present, but also on the biochemical milieu, such as pH, and 
organism in which they are occurring.  In this thesis these effects are referred to as 
primary (1
o) effects.  
2.  The second tenet:  Phosphite perturbs the phosphate cycle and 
orthophosphate metabolism to an extent that normal biochemical function is 
disrupted.  The organism then attempts to compensate for the perturbation by 
initiating an opposing reaction (Le Chatelier’s principle).   
This homeostatic response is inherent to all biological systems and occurs at a 
molecular, physiological as well as ecological level (Purich, 2010).  Many of the 
effects of phosphite are likely to be initiated by phosphite substituting non-reactively 
for orthophosphate in biochemical reactions.  However, some of the observed effects 
of phosphite will be due to an adaptive response by the organism. These effects are 
the secondary (2
o) and tertiary (3
o) effects of phosphite and are described in section 
2.9.1.  
The dynamics of the interaction between pathogen and host plant during the initial 
phase of “infection” are complex and result in either a compatible or incompatible 
reaction that produces a “resistant” or a “sensitive” plant, respectively (Agrios, 2008).   
3.  The third tenet: The magnitude and timing of the biochemical events caused 
by the presence, or sudden absence, of phosphite are crucial to the short and 
long term outcomes of its effects on pathogen physiology (i.e. its ability to 
colonise a host) and the subsequent plant defense response.   3 
The absorption of phosphite, and other ions, from plant material by the invading 
hyphae of P. cinnamomi would result in a corresponding localized drop in plant 
phosphite concentration.  This would then alter the biochemical dynamic of the host: 
pathogen interaction in favor of the host. 
These three tenets form the foundations of the biochemical model proposed to 
account for the observed effects of phosphite.  A biochemical model is a series of 
chemical reactions, or interactions, that need to occur, under specified conditions, to 
cause a particular outcome.  The model proposed in this thesis is based on the 
premise that the primary effect of phosphite will give rise to the secondary and 
tertiary effects that are ultimately responsible for its mode of action in oomycete plant 
pathogens.     4 
1.2  Structure of the thesis 
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2 :   Literature Review 
2.1  Introduction 
Phytophthora cinnamomi is a soil-dwelling oomycete plant pathogen with a broad 
host range (Zentmyer, 1980).  It is one of the world's most invasive species and is 
present in over 70 countries from around the world.  The pathogen was probably 
introduced into Western Australia from South-East Asia and/or Eastern Australia 
during the early part of last century (Weste, 1994; Shearer et al., 2007).  
Phytophthora cinnamomi was identified as a separate species on cinnamon 
(Cinnamomum verum Presl. Syn. Cinnamomum zeylanicum Blume) in Sumatra by 
Rands (1922) and was first associated with disease in Eucalyptus marginata in 
Western Australia in 1965 by Podger et al.  Described as the most destructive plant 
pathogen ever recorded in native vegetation (Shearer et al., 2004), its devastation is 
reminiscent of the losses caused by Phytophthora infestans during the Irish potato 
famine in the mid 1840’s (Fry, 2008). Phytophthora means “plant destroyer” in Greek 
and is well-named as the organism is pathogenic on almost 3000 species of trees 
and shrubs ranging from Australian native species in bush land, forests and sand 
plains to exotics grown for horticulture, agriculture and forestry (Erwin and Riberio 
1996; Kamoun et al., 1997; Shearer and Smith 2000).   
Phosphite or phosphonate, marketed as Aliette fosetyl-Al (aluminium tris-O-ethyl 
phosphonate) Fosjet, or Agri-fos has been used extensively on agricultural and 
native species to control both symptoms and spread of oomycete caused diseases 
since discovery of its protective effects in 1977 by Rhone-Poulenc.  The active 
ingredient in all of these chemicals is the phosphite anion (Guest and Grant, 1991; 
Guest et al., 1995).  Despite widespread use, the mode of action of phosphite is not 
known. The chemical similarity of phosphite to phosphate suggests that the heart of 
the mechanism lies in the disruption of some crucial aspect of phosphate metabolism 
(McDonald et al., 2001) but no molecular model has been suggested that is able to 
account for all the observed effects that phosphite has on Phytophthora species and 
its extensive range of plant hosts.  
Part of the problem in discerning the true action of phosphite in preventing diseases 
caused by oomycetes is separating the specific anti-pathogenic effects of phosphite 
from the general biochemical and physiological effects.  For example, phosphite at 6 
millimolar (mM) concentrations will inhibit the growth of most Phytophthora species in 
vitro and this in turn inhibits their pathogenicity in planta (Smillie et al., 1989).  
However, concentrations of phosphite of less than one mM in plants have been 
shown to reduce pathogenicity while they do not obviously affect growth of the 
pathogen in vitro (Dunstan et al., 1990; Wilkinson et al., 2001c).  This has lead to the 
inference that phosphite induces host resistance to P. cinnamomi by stimulation of 
plant defenses and is based on the underlying presumption that growth inhibition per 
se is equivalent to reduced pathogenicity.  
2.2  Phytophthora cinnamomi 
2.2.1  Host range and occurrence in Western Australia 
A wide range of plants are susceptible to P. cinnamomi and vulnerable to disease 
cauased by the pathogen (Erwin and Ribeiro, 1996; Shearer and Smith, 2000).  A 
figure of 2300 species across 100 taxa is cited by Cahill et al. (2008) whilst Shearer 
et al. (2004) estimate that 41% of the 5710 described plant species in the South-west 
Botanical Province as susceptible to the pathogen.  The province is renowned for its 
biodiversity and P. cinnamomi has been described as a biological bulldozer that 
threatens to wipe out of thousands of susceptible species in a fraction of the time it 
took for the biodiversity to evolve (Shearer et al., 2004).  The most vulnerable plant 
families in Australia include the Proteaceae, Papilionaceae, Epacridaceae and 
Dilleniaceae and in these families there are many species whose endangered state 
has been exacerbated by the presence of Phytophthora (Weste 1994; Shearer et al., 
2007; Barrett et al., 2008).  The most susceptible shrubs and trees grow on sand 
plains derived from leached sand or laterite (Shearer, 1994).   
2.2.2  Disease symptoms 
When a virulent isolate of P. cinnamomi attacks a susceptible plant host a compatible 
interaction occurs and disease symptoms develop (Agrios, 2004).  The symptoms 
include; rot of fine and large roots, chlorosis of leaves, sudden wilting of leaves, 
death of whole limbs and eventually death of the whole plant or tree (Erwin and 
Ribeiro, 1996).  These symptoms are collectively referred to as “Dieback” and can 
sometimes be mistaken for the symptoms caused by drought, soil salinity or other 
pathogenic organisms.  In addition, necrotic lesions caused by the pathogen are 
often visible on primary roots and the base of the stem (Shearer and Smith 2000).  
Infection may eventually cause a catastrophic disruption of water and nutrient 7 
transport within the plant resulting in sudden death (Davison, 1994; Shearer and 
Smith, 2000).  
In ideal growth conditions of moist soil at ambient temperatures there may be 
repeated cycles of infection; the plant’s defense system suppresses the pathogens 
growth, but reinfection occurs and many plants will not show any above ground 
symptoms until the root damage is severe or the plant is stressed (Shearer et al., 
2007). Infected asymptomatic plants and tolerant hosts remain an undetected and 
untreated source of infection.  
2.2.3  Unique features of Phytophthora 
Oomycetes have several unique biochemical, physiological and morphological 
features when compared to true fungi.  Phytophthora have cells walls made 
predominantly of beta-1,3- and beta-1,6-glucans and contain cellulose and not chitin, 
as is found in fungal cell walls (Aronson et al., 1967); they have coencytic (aseptate) 
multinucleate hyphae; biflagellate zoospores with tripartite hairs on their anterior 
flagellum (Hardham, 2005; 2007).  Phytophthora are also diploid for most of their life 
cycle, a fact that has made them intractable to the manipulations commonly used to 
unravel the molecular biology of haploid organisms due to masking of recessive 
mutations and the lack of a stable transformation system (Judelson and Blanco, 
2005). 
The genomes of P. infestans, P. sojae and P. ramorum have recently been 
sequenced and found to contain 58 genes that are highly conserved among the three 
species but that do not resemble proteins found in other eukaryotes (Tyler et al., 
2006; Haas et al, 2009). Phytophthora species are sterol auxotrophs  lacking a 
number of the genes required for sterol biosynthesis commonly found in true fungi 
(Govers and Gijzen, 2006).  Notably Phytophthora possesses only one heterotrimeric 
G-protein. This suggests that inclusion of a 12 member family of unique GPCR (G-
protein coupled receptor) motif fused to a PIP (phosphatidyl inositol phosphate) 
kinase domain has resulted in bypassing signaling by heterotrimeric G-proteins.  
Another distinct feature is the total absence of phospholipase C homologues and the 
presence of 18 isoforms of phospholipase D (Meijer et al., 2005).  
The lack of polyphosphate storage vesicles in oomycete pathogens is a further point 
of difference from the true fungi and may account inter alia for the poor saprophytic 
ability of some Phytophthora species such as P. cinnamomi (Chilvers et al., 1985).  8 
Pyro- and polyphosphate molecules are used as an energy store for cation 
sequestration and storage, membrane channel formation, gene activity control, 
regulation of enzyme activity and they play a vital role in stress responses and 
stationary phase adaptation (Rao et al., 2009).  Niere et al. (1990) have shown that 
polyphosphate molecules do exist in P. palmivora, but there is no evidence that these 
molecules and pyrophosphate are sequestered and stored in storage granules or 
vacuoles, as they are in true fungi.  The lack of phosphate storage capacity in 
oomycetes is an important feature and, as discussed further in section 2.9, may be 
central to explaining why phosphite is so effective against the majority of oomycetes.  
2.2.4  The life cycle of P. cinnamomi 
Under specific environmental conditions vegetative mycelia are able to produce four 
types of spores; oospores, chlamydospores, sporangia and zoospores (Judelson and 
Blanco, 2005).  The life cycle of P. cinnamomi has been extensively reviewed (Weste 
and Marks, 1987; Shearer and Tippett, 1989; Shearer and Smith, 2000). 
2.2.5  Invasion - The initial contact between pathogen and host 
Vegetative hyphae are capable of infecting plant material in much the same way as 
other infection propagules (Tippett et al., 1976; Hardham, 2005; 2007).  Mycelial 
infection may occur in situ during root to root contact, but the poor saprophytic ability 
of P. cinnamomi results in poor persistence of viable mycelium outside the host 
(McCarren et al., 2005). 
The main infection propagule of the pathogen is the motile zoospore and these are 
proposed to have an infection radius of 1-3 centimeters and can swim for hours or 
even days (Hardham, 2007).  Zoospores will usually be attracted to and encyst onto 
fine roots, preferentially at the zone of elongation just behind the meristems.  
Encystment can be induced experimentally by physical agitation, cold, or mM 
concentrations of calcium, and is facilitated by the contents of vesicles within the 
cytoplasm which are secreted within the first few minutes after contact with the root 
to form an adhesive pad which attaches the cyst to the plant cell wall (Hardham 
2005; 2007). The cyst then produces a germ tube that penetrates the outer peri- or 
anticlinal walls of the plant root cells sometimes with the formation of an 
appressorium and then goes onto produce intracellular haustoria-like structures 
which extract nutrients from the plant cells (Hardham, 2001).   Once inside the host 
the pathogen derives its energy from glycolysis of plant sugars instead of beta-
oxidation (Torto-Alalibo et al., 2006) and grows vegetatively (Savidor et al., 2008).   9 
2.2.6  Phytopathogenesis - colonisation of the host  
Several pathogenicity factors that are likely to have a role in host penetration and 
pathogenesis have been isolated from oomycete plant pathogens. These include cell 
wall degrading enzymes such as endocellulases, 1,3-β-glucanases, β-glucosidases, 
cutinases, pectin-esterases, galactinases, endopolygalacturonases (Akinrefon, 1968;  
van West et al., 2003).  Most species of Phytophthora produce extracellular RNAase, 
DNAse, phosphatases, lipases, amylases, proteases and cellulases, all of which can 
be associated with phytopathogenesis (McIntyre and Hankin, 1977; Kamoun, 2006) 
and acid phosphatases that remove phosphate have been found in vacuoles of 
Pythium spp. (Maxwell et al., 1978).  
As well as producing enzymes that attack the host chemically, Phytophthora species 
also produce factors that enhance and /or suppress host defenses. Sequencing of 
the genomes of P. infestans, P. sojae and P. ramorum has revealed a plethora of 
hydrolases, ABC transporters proteinase inhibitors and a combined superfamily of 
700 proteins with homology to the oomycete avirulence genes (Tyler et al., 2006).  
Elicitors of the plant defense responses are produced and secreted by Phytophthora 
species and to a certain extent pathogenicity can be said to rely on protein targeting 
motifs (Govers and Gijzen, 2006).  A necrosis-inducing protein isolated from P. sojae 
was shown to facilitate the colonisation of host tissues during the necrotrophic phase 
of growth by triggering plant cell death thereby facilitating the acquisition of nutrients 
by the pathogen (Qutob et al., 2002).   Whisson et al., (2007) have shown that 
secretion of Avr3a (an avirulence protein) from haustoria of P. infestans into the 
extra-haustorial matrix is dependent on the presence of RXLR-EER motifs (invariant 
sequence RXLR).  Avr3a is a translocatable effector molecule that triggers 
hypersensitive cell death following recognition by hosts that contain the 
corresponding R3a resistance protein.  RXLR-mediated entry of effector molecules 
into host cells does not require any pathogen encoded machinery indicating that 
transit depends only on the RXLR protein itself and host molecules (Dou et al., 
2008).   Currently all known oomycete avirulence proteins are RXLR effectors.   
Phytophthora species also secrete a sub-class of elicitor molecules called elicitins. In 
P. cinnamomi these are alpha and beta-cinnamomin and although they are capable 
of triggering a host-specific defense response the precise role of these elicitins are 
not known (Hardham, 2005).  10 
2.2.7  Control of Phytophthora dieback 
An integrated, adaptive management program is recommended for the control of 
Phytophthora dieback as no single treatment protocol is guaranteed to succeed when 
used in isolation (Shearer et al. 2007; Garbelotto et al., 2008).  The non-chemical 
control measures used to contain the spread of Phytophthora dieback are education 
and awareness, hygiene and decontamination, containment and bio-control.  The 
development of plants that have a durable resistance to P. cinnamomi by either cross 
breeding or selection and multiplying up of naturally occurring rare resistant 
genotypes is a promising area of research and has been reviewed in detail by Irwin 
et al. (1995).  Plant resistance to P. cinnamomi amongst Australian native species 
shows patterns of variation amongst and within families (Shearer et al., 2007).  
Resistant species of eucalypt, some grasses and avocado rootstocks are able to 
restrict growth of the pathogen by walling off the infection and developing new roots 
(Tippett et al., 1985; Irwin et al., 1995).  Resistance is also associated with the 
production of phytoalexins.  
Although phosphite does not eliminate P. cinnamomi and is not curative, it is an 
effective prophylactic at concentrations that are relatively harmless to plants and 
have low toxicity to other organisms (Guest and Grant, 1991; McDonald et al., 2001).  
The dependence on phosphite for disease control and its widespread use raises the 
concern that resistance or tolerance to phosphite will develop (Brown et al., 2003; 
Dobrowolski et al., 2008) and this is compounded by the fact that we still do not have 
a reliable explanation of its mechanism of action.  Understanding how phosphite 
controls the spread of disease would be valuable in developing strategies to maintain 
and maximize the effect of phosphite application.   
2.3  Phosphite 
2.3.1  The chemistry of phosphite and orthophosphate 
In aqueous solution, phosphorous acid is in equilibrium with its tautomer phosphonic 
acid (equation (1)) (Guthrie, 1979) but is almost completely shifted towards the tetra-
coordinated form (Kraszewski and Stawiniski, 2007).  At neutral pH the solution will 
also contain a mixture of the mono- and dianionic forms of the phosphonate ion 
which in this thesis is referred to as phosphite (equations 2 and 3).  In phosphite the 
phosphorous atom is in the 3
+ oxidation state (as compared to 5
+ in orthophosphate) 
and an oxygen atom has been replaced by a non-ionisable hydrogen atom 11 
(Greenwood and Earnshaw 1984).  The structural differences between 
orthophosphate and phosphite are shown in Fig. 2.1.   
Tautomeric equilibrium:   
P(OH)3                HPO(OH)2        (1) 
Phosphite dissociation:  
H3PO3   →  H2PO3
− + H
+                pKa = 1.3    (2) 
H2PO3
−   →  HPO3
2− + H
+               pKa = 6.7    (3) 
 
Orthophosphate dissociation:  
H3PO4      H2PO4
–    +
   H
+            pKa = 2.16    (4) 
H2PO4
–       HPO4
2–
   +  H
+         pKa = 7.21    (5) 
HPO4
2–    
    PO4
3–
     +
   H
+          pKa = 12.32     (6) 
 
Data on nomenclature, structures (Figure 2.1), equilibra (equation (1)) and pKa 
values of orthophosphate (equations (4), (5) and (6)) and phosphite (equations (2) 
and (3)) show that the similarities between the two molecules are such that chemical 
confusion is likely to occur.  However, differences in their oxidation state, size and 
charge ensure that phosphite cannot, and does not, substitute for orthophosphate in 
the vast majority of biochemical reactions.  Of particular note is that there is no 
evidence that phosphite can be incorporated into ATP and probably because of this 
phosphite is unable to take part in the normal phosphate cycle of the cell.  However, 
phosphite is reported to be taken up into cells more rapidly than orthophosphate 
(Griffith et al., 1993; Darkis et al., 1997).   
 12 
 
Fig. 2.1: The structural differences between orthophosphate and phosphite showing bond lengths and 
angles as indicated (from Greenwood and Earnshaw, 1984). Dotted lines represent possible H-bonds to 
other molecules. 
Phosphite also contributes to the overall phosphate balance of the cell, as is 
evidenced by its inhibition of the phosphate starvation response (McDonald et al., 
2001).   Because of the structural and chemical similarity between phosphite and 
orthophosphate the interaction between the two analogues within a plant or pathogen 
is likely to be central to the ways in which phosphite exerts its varied biochemical and 
physiological effects.  Consequently the role of orthophosphate (Pi) in cell 
metabolism is examined in the following section.   
2.3.2  The biological role of orthophosphate 
Phosphorus is an essential element required for cell replication and normal growth 
(Table 2.1).  Healthy organisms need phosphate in the form of orthophosphate at 
concentrations between 2 – 500 mM (Thibaud and Nussaume, 2005). The 
concentration of phosphate in the cytoplasm of most plants is about 5 – 20 mM 
(Smith et al., 2003).  Phosphorus is essential for the biosynthesis of DNA, RNA, ATP, 
phospholipids, phosphoproteins, and it participates in virtually all metabolic pathways 
including those related to growth, replication, and response to environmental cues 
mediated by signal transduction pathways. Without phosphorus cells cannot function.   
Phosphorylated molecules are anionic and their movement within the cell is 
constrained by their inability to traverse (polar) lipid membranes without the aid of a 
transporter, as is the case with orthophosphate for which several uptake mechanisms 
exist (Westheimer et al., 1987).  
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Table 2.1  Examples of the phosphate pools present in the cell and their biological role.  Adapted  from 
Westheimer et al., (1987). 
Phosphate pool  Biological role 
Orthophosphate (Pi)    Cytosolic pool of free phosphate for formation of phosphate esters and 
anhydrides   usually 5-20mM even in P-deficient plants (Bieleski, 1973) 
  Buffering capacity 
Pyrophosphate (PPi)    Storage of excess orthophosphate 
  By product of anabolic reactions. Hydrolysis of phosphoanhydride bond 
provides energy for H+ ion pumps 
  Removal of PPi by pyrophosphatases ensures that any reaction producing 
it goes to completion  
Polyphosphate    Storage of excess orthophosphate many functional and structural roles 
(Rao et al., 2009) 
ATP, ADP, GTP, 
GDP 
  Substrates for phosphotranser reactions central to signal transduction 
  High energy compounds 
DNA,RNA    Genetic material needed for cell function and reproduction 
G-1-P, G-6-P, F-6-P, 
F-1,6-P 
  Phosphorylated sugars (& carbohydrates) – phosphate esters are unlikely 
to diffuse out of cells (Metzler 2001) – metabolites are compartmentalized 
Phosphoproteins    Involved in signal transduction, regulation of transcription & translation 
  Phosphorylation regulates protein:protein interactions 
  Compartmentalization of phosphorylated molecule 
Phospholipids    Membrane components, alteration of aqueous surface tension 
  Second messengers and precursors 
NADP(H)    Redox agent for protection against ROS, regeneration of reduced 
glutathione 
  Used in anabolic reactions 
Phytic acid    Phosphate reserve, especially  in seeds 
Mineralised Pi    Interaction with calcium in bone, teeth & insoluble inclusions 
 
The phosphate cycle consists of the movement of orthophosphate between the 
various metabolic and storage pools in the cell.  This is accomplished with the help of 
the reversible phosphorylation reactions that are catalysed by two large enzyme 
super-families known as kinases and phosphatases.  Kinases catalyse both the 
phosphohydrolysis of the gamma phosphate from ATP as well as the phosphoryl 
transfer reaction of the resulting orthophosphate onto an organic substrate. The 
reversible removal of phosphate from either lipids, proteins, carbohydrates or other 
molecules is catalysed by phosphatases according to the following general reaction 
scheme: 
               phosphatase 
  R-O-P(OH)3                      R-O-H  +  H3PO4 
2- 
          kinase 14 
where R = an organic or phosphate moiety.  Some examples of the diversity and 
similarity of phosphatase substrates and enzymes are given in Table 2.2.  An 
estimated 30% of the proteins in eukaryotic cells are dependent on either 
phosphorylation or dephosphorylation for their structural and functional integrity and 
phosphatases and kinases are involved in all aspects of metabolism (van Bentem 
and Hirt, 2007).  
A relevant example of this is signal transduction cascades.  These signaling 
pathways are of particular importance in converting (transducing) one type of signal 
into another and regulating and co-ordinating cell function, integrity, development, 
growth and in the case of pathogens, virulence (Lengeler et al., 2000).    Conserved 
signal transduction components such as cell surface receptors adapters, G-proteins, 
small GTPases, nucleotide cyclases, protein kinases, protein phosphatases, 
elements of the ubiquitination machinery and transcription factors are some of the 
biochemical modules that comprise signal transduction pathways (Drayer and 
Haastert, 1994).  The role of kinases as receptors, MAPKs (mitogen activated protein 
kinases), MAPKKs (MAPK kinase) and MAPKKKs (MAPKK kinase) and ERKs (extra 
cellular regulated protein kinases) and their corresponding phosphatases within 
these pathways cannot be overestimated.  The binding of an extracellular molecule 
(ligand) to a membrane receptor can result in an intracellular signaling cascade that 
causes the activation or inhibition of key regulators of metabolic pathways due to 
alterations in DNA transcription and protein synthesis and activity.  For example, in 
the yeast Saccharomyces cerevisiae the regulation of phosphate uptake into the cell 
requires co-ordination of the PHO regulon which is controlled by the phosphorylation 
status of PHO85, which is in turn regulated by the activity of phosphatases and 
kinases (McDonald et al., 2001). 
Table 2.2   Examples of some phosphatases that phosphite may affect the activity of by 
competitive interaction with phosphate at the active/catalytic site. All data were taken from 
BRENDA enzyme database (www.brenda-enzymes.org). The database lists over 300 
enzymes with phosphohydrolase activity and over 500 with phosphotransferase activity. 
  
 
Phosphatase 
 
 
Reaction catalysed 
 
EC number 
 
Comments 
Alkaline phosphatase 
 
 
Phosphate–monoester 
phosphohydrolase,  
wide specificity, alkaline optimum 
3.1.3.1   
Acid phosphatase 
 
 
Phosphate–monoester 
phosphohydrolase,  
wide specificity, acid optimum 
3.1.3.2   
Phosphatidate phosphatase 
 
Hydrolysis of phosphoric ester  3.1.3.4  Inhibited by Ca
2+ 15 
 
Phosphatase 
 
 
Reaction catalysed 
 
EC number 
 
Comments 
Glucose-6-phosphatase 
 
  3.1.3.9   
Serine/ threonine 
phosphatase 
 
Removes serine or threonine bound 
phosphate group from proteins 
 
3.1.3.16   
Sucrose-phosphate 
phosphatase 
 
Sucrose-6-phosphate  sucrose + 
Pi 
3.1.3.24   
Protein-tyrosine-phosphatase 
 
 
Dephosphorylates O-
phosphotyrosine groups 
3.1.3.48   
Phosphatidylinositol-3-
phosphatase 
 
 
 
3.1.3.64   
GTPases and ATPases 
 
NTPNDP + Pi  3.1.5.1 & 3.6.1.3   
Inorganic pyrophosphatase  PPi  2 Pi  3.6.1.1 
 
 
Ca
2+ transporting ATPase 
 
ATP + Ca
2+  ADP + Pi + Ca
2+ 
transport 
3.6.3.8  Activated by 
calmodulin 
Mono and heterotrimeric G-
protein GTPase 
Proteins with intrinsic GTPase 
activity 
3.6.5.1 & 3.6.5.3   
Phospho-transferases i.e. 
kinases 
 
 
Hydrolysis of ATP or GTP prior to 
phosphorylation of target protein 
Over 500 
kinases are 
listed in the 
database 
 
 
2.3.3  The interaction between phosphite and orthophosphate 
Phosphite is chemically analogous to phosphate (Figure 2.1) so any reaction 
involving the production or consumption of orthophosphate will probably be affected 
to a greater or lesser extent by the presence of phosphite.   
The evidence suggests that the phosphite dianion may have a higher affinity for 
phosphate binding sites on some proteins and enzymes than orthophosphate and 
that under limiting phosphate conditions mass action effects will ensure that some 
phosphate binding sites will be occupied by phosphite molecules (Martin et al., 1998)   
However, occupation of phosphate binding sites on proteins by phosphite does not 
mean that phosphite is complexed irreversibly and its long term effectiveness in 
planta suggests that this is not the case.  Phosphite is still able to impact on any 
ensuing reactions because although the phosphite anion-protein complex may be 
inactive, phosphite will eventually dissociate, although at a different rate from 
phosphate.  Of particular importance is that there is no evidence that phosphite is 
able to be incorporated into ATP, and this suggests that it is unlikely that phosphite 
can be covalently transferred to phosphoproteins by kinases (McDonald et al., 2001). 
If the protein-phosphite anion complex is comprised of an enzyme, the complex can 
be considered a dead-end inhibitor. This is because the enzyme is not able to 16 
catalyse any further reactions whilst phosphite is associated with it.  For example, in 
the case of phosphatases a double inhibition study of trehalose phosphorylase 
showed that phosphite was a competitive inhibitor preventing the formation of an 
enzyme-phosphite-trehalose complex (Nidetzky and Eis 2001).  Additionally, 
activator anion binding studies with glycogen phosphorylase showed that an inactive 
dimeric species of the enzyme could be stabilised with phosphite in combination with 
glucose (Oikonomakos et al. 1996).  If the protein-phosphite complex has a structural 
or functional role then this particular structure or function will be altered. 
Product inhibition studies with calcineurin, a calcium/calmodulin dependent 
phosphatase, indicate that the phosphate leaving group of the substrate tyrosyl 
phosphate is a competitive inhibitor of enzyme activity (Wang and Graves 1991).  
Because of the difference in the pKa of phosphate and phosphite substrates (section 
2.3.1) pH will also affect the rate of the reaction due to relative affinity of the 
monoanion versus the dianion for the phosphate binding pocket in the active site of 
the enzyme.  In reversible reations both products and substrates are able to function 
as competitive inhibitors of enzyme activity.  In otherwords, what applies to the 
substrates will also be relevant to the products.   
However, as previously mentioned not all enzymes or proteins that are capable of 
binding phosphate ions will have a higher affinity for phosphite.  The binding of 
phosphite to serum transferrin, the mammalian iron transport protein, is a case in 
point (Harris et al. 1990) as is the lack of significant inhibition of pyrophosphatase 
when compared to its inhibition by orthophosphate (Martin et al. 1998).  These 
differences in the affinity of phosphite for various macromolecules could possibly 
account for the variation in the level and longevity of the protection given by 
phosphite treatments in different plant species under different phosphate conditions 
over time.  Additionally, the lower pH of the cytosol of native plants compared to 
horticultural plants may be a factor in slowing the rate of phosphite oxidation to 
phosphate (De Klerk et al., 2007).   
Direct inhibition of phosphatase activity by phosphite as a primary mode of action of 
phosphite has not been conclusively demonstrated or disproved in vivo.   Martin et al. 
(1998) tested the ability of phosphite to inhibit inorganic pyrophosphatase from P. 
palmivora in vitro and found that at sub-saturating substrate concentrations, IC50 
values were 34 +/- 15 mM for phosphite in comparison to an IC50 for orthophosphate 
of 15 +/- 3 mM.  The authors concluded that as phosphate is a greater inhibitor of 17 
inorganic pyrophosphatase than phosphite this enzyme is unlikely to be the site at 
which phosphite specifically affects Phytophthora.  Aside from the fact that it is 
problematic to extrapolate information determined in vitro to ascertain what will occur 
in vivo,  three additional points are worth noting.   Firstly, the initial rate experiments 
will give no indication of the effect that phosphite will have on the steady state 
concentrations of phosphate metabolites in vivo.  Secondly, Niere et al. (1994) have 
shown that in the presence of sub-toxic levels of phosphonate (between 1 and 0.25 
mM depending on Phytophthora species and isolates) the concentration of acid 
soluble inorganic phosphate in vivo increased substantially.  As an allosteric inhibitor 
and in conjunction with accumulating phosphite this would have a significant effect on 
the activity of the enzyme.  Thirdly, the failure of P. cinnamomi to develop significant 
resistance to phosphite in the field suggests that the chemical is probably not acting 
at a single, specific biochemical site, but rather is acting concurrently in more than 
one place, such as at the active site of more than one phosphatase, if not all 
phosphatases.  This same concept also applies to kinases. Consequently, phosphite 
is likely to cause a wide range of physiological and biochemical effects when applied 
to plants or to microorganisms such as Phytophthora (Tables 2.3 and 2.4).  
 
2.4  Effect of Phosphite on Phytophthora spp. 
2.4.1   Effect of phosphite on physiology, morphology, life cycle and growth of 
Phytophthora spp. 
A summary of the effects of phosphite on Phytophthora spp. is given in Table 2.3.   
Growth abnormalities in Phytophthora hyphae that have been treated with phosphite 
suggest that phosphite disturbs cell wall synthesis and phospholipid metabolism in 
the pathogen (Barchietto et al., 1992).  The relevance of stimulation or inhibition of 
sporulation to the ability of the pathogen to infect plants is not known, though 
Wilkinson et al., (2001b) showed that plants treated with phosphite and which had 
contained lesions in planta, still produced sporangia and zoospores. 
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Table 2.3  Effects of phosphite on Phytophthora spp. 
Effect of phosphite treatment  Reference 
 
Hyphae become stunted, bumpy, more 
branched, twisted and distorted 
 
Dercks and Buchenauer, 1987; Griffith et al., 
1993; King et al., 2010; Wong et al., 2010 
Phosphite at 40 mg/mL caused lysis of P. 
cinnamomi hyphae 
 
King et al., 2010 
Inhibition of sporangium formation in P. 
parasitica and P.  citrophthora  by 10 ug/mL 
phosphite 
 
Farih et al., 1981 
Inhibition of zoospore and sporangial 
formation in P. citricola 
 
Farih et al., 1981 
Inhibition of mycelial growth, sporangium 
production and zoospore release in P. 
cinnamomi and P. citricola 
 
Coffey and Joseph, 1985 
Induction of dormancy in P. cinnamomi 
chlamydospores 
 
McCarren et al., 2006 
Increased production of chlamydospores on 
Ribeiro’s minimal agar and 100 ug/mL of 
phosphite 
McCarren et al., 2006 
 
2.4.2  Phosphite uptake and its effect on the biochemistry of Phytophthora 
Phosphite is taken up in Phytophthora spp. by the simultaneous activity of a low 
affinity (high Km) and a high affinity (low Km) phosphate transport mechanisms, the 
contribution of which vary depending on the concentration of phosphite and 
orthophosphate in the external medium (Barchietto et al., 1988; Griffiths et al., 1989; 
Danova-alt et al., 2003).  As in plants, the uptake of phosphite was sensitive to pH 
with the maximum rate occurring between pH 5 – 5.5 (ibid) suggesting that the 
transporter(s) have a higher affinity for phosphite when it is in its mono-anionic form. 
This has also been shown for orthophosphate (Beever and Burns, 1980). 
Phosphite is not metabolised or oxidized by either plants or oomycetes and therefore 
persists and accumulates within the organism for an extended period of time 
depending on the environment and conditions of growth (Barchietto et al., 1988; 
Guest and Grant 1991; Thao and Yamakawa, 2009).  No evidence of phosphite 
containing metabolites, other than isohypophosphate (Niere et al., 1994) has been 
detected. 
Dunstan et al. (1990) showed that the application of phosphite to the pathogen at 
concentrations too low to affect its growth have effects on pathogen biochemistry.  
They demonstrated that the application of sub-toxic levels of phosphite to mycelia of 
P. palmivora caused an increase in the total lipid extracted from the cell wall 19 
complex, changes in cell wall composition and changes in intermediary metabolites 
such as amino acids.  Dunstan et al. (1990) also showed that the diterpenoid, 
dehydroabetic acid (DHA), was detected as part of a hydrolysate of macromolecules 
isolated from mycelia.  DHA was present during all stages of growth in control 
mycelia, but was completely absent for the first few days after treatment with 
phosphite, demonstrating that phosphite inhibits a reaction(s) in the terpenoid 
pathway (for discussion see section 9.7).  
Barchietto et al. (1992) found that at low levels of orthophosphate, pathogen growth 
and DNA synthesis were inhibited by phosphite whilst RNA, protein synthesis and the 
phospholipid composition of the mycelium were unaffected.  Oxygen consumption 
was reduced and the adenylate pool declined, as did the ATP content of mycelia.  A 
striking result in this work was the finding of a 1000-fold increase in the activities of 
the pentose phosphate pathway enzymes glucose-6-phosphate dehydrogenase and 
6-phosphogluconate dehydrogenase in the presence of phosphite (Table 2.4). The 
activity of UDP-glucose pyrophosphorylase was also enhanced by a factor of 10. 
These results imply that in the presence of phosphite the upregulation of key 
enzymes in the pentose phosphate pathway is an attempt to increase NADPH 
synthesis. One of the earliest changes after treatment of P. palmivora mycelia with 
phosphite was in the size of the adenyl nucleotide and NAD pools (Griffith et al., 
1990).  Adenylate is involved in the synthesis of purines, pyrimidines, aromatic amino 
acids and the pyridine nucleotides NAD
+ and  NADP
+ (Lehninger, 2008). The 
apparent increase in enzyme activity seen in vivo can be interpreted as a secondary 
effect of phosphite that results from the induction of transcription as a homeostatic 
response to inhibition of the enzymes by phosphite and an attempt by the organism 
to increase the metabolic flux through the pathway.    
Intracellular alkaline phosphatase activity increased 4.8 fold over control levels and 
was associated with an increase in the intracellular orthophosphate pool. The IC50 
values (Table 2.4) reflect the concentration of phosphite required to reduce enzyme 
activity by half of its activity in the absence of phosphite. Bearing in mind that the 
effect of phosphite is cumulative, these values are with the concentration range of 
phosphite found in vivo (Niere et al., 1994; Carswell et al., 1996).  An increase in 
orthophosphate levels in phosphite treated mycelia was also found by Griffith et al. 
(1990) (Table 2.5).   
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Table 2.4  Phytophthora enzyme activities affected by phosphite from data of Barachietto et al., (1992); 
Martin et al., (1998) and Stehmann and Grant, (2000).  Enzyme activity is defined as umol min
-1 mg
-1 
protein.  IC50 is the concentration of phosphite (mM) required to reduce respective enzyme activity by 
half.  
 
Enzyme 
In vivo effect of 0.5 
mM phosphite on 
enzyme activity  
(Barachietto et al. 
1992) 
In vitro effect on P. 
palmivora.  
Concentration of 
phosphite for IC50  
(Stehmann and Grant 
2000). 
In vitro effect.  
Concentration of 
phosphite for IC50  
 (Martin et al. 1998) 
Hexokinase  increase x 2   10.4 mM  - 
Glucose-6-phosphate 
dehydrogenase 
increase x 1000  29 mM 
dependent on [Mg
2+] 
- 
6-phosphogluconate 
dehydrogenase 
increase x 1000  116 mM 
 
- 
UDP-G pyrophosphatase  increase x 10  -  - 
Acid phosphatase  no change  -  - 
Alkaline phosphatase  Increase x 4.8  -  - 
Pyrophosphatase   -  -  34 mM 
dependent on [Mg
2+] 
 
Table 2.5  Changes in acid soluble phosphorus pools in phosphate limited cells in the presence of 
phosphite 
 
Phosphorus pool
   
(A)  P. 
palmivora 
after 3 hrs 
(Griffith et al. 
1990) 
(B)  P. 
palmivora 
after 7 days 
(Niere et al. 
1990) 
(C) 
Phytophthora 
spp. after 7 
days (Niere et 
al.  1994) 
(D) P. 
palmivora 
after 24 hrs 
(Niere et al. 
2001) 
(E)  Yeast after 
24 hrs 
(Macdonald et 
al. 2001) 
ATP 
 
1/2 control 
levels 
-  -  -  - 
NAD 
 
1/2 control 
levels 
-  -  -  - 
Polyphosphate 
nucleotides 
 
decrease  decrease  no change  -  no change 
Polyphosphates 
(low molecular 
mass) 
decrease  decrease in 
amount and 
chain length 
increase  
3 to 5-fold 
decrease in 
chain length 
decrease 
Pyrophosphate 
 
increase 2-fold  increase  Increase  
7 to 35-fold 
increase  decrease 
Sugar phosphates 
 
-  -  increase 2-fold  increase in G-
6-P 
increase 
F-16-P 
 
no change  -  -  -  - 
Lipid phosphates 
 
no change  increase  -  -  - 
Orthophosphate 
 
 
-  increase  increase  -  increase 
Isohypophosphate 
 
-  -  increase  increase  - 
Total phosphorus 
 
-  increase  increase  -  increase 
 
Changes in the levels of acid-soluble phosphorus components such as 
pyrophosphate, polyphosphate and to a lesser extent sugar phosphates occur in 
phosphite treated Phytophthora mycelium (Table 2.5).  Most notable is the increase 
in pyrophosphate levels which occurred in all species tested irrespective of their 21 
sensitivity to phosphite.  The concentration of pyrophosphate increases 35-fold after 
7 days suggesting that the effect is cumulative.  Similar effects on phosphate 
metabolism have also been seen in calcium treated mycelia (Sugimoto et al., 2005; 
see Chapter 6).  Several researchers have shown that orthophosphate concentration 
increases in phosphite treated mycelia (Griffith et al., 1993; Niere et al., 1994). This 
suggests that rather than increasing the rate of phosphate uptake, the relative 
increase in phosphate concentration is a result of growth depression.  
A novel compound, isohypophosphate (the phosphate–phosphonate anhydride 
analogue of pyrophosphate) was identified in the mycelia of phosphite treated P. 
palmivora (Niere et al., 1990). Phosphite (3mM) was shown to increase the 
phospholipid content of the mycelium of P. capsici whilst the concentration of TGA 
and neutral lipids fell (Soulie et al., 1995).  Glyceraldehyde-3-phosphate 
dehydrogenase extracted from untreated control mycelia of P. citrophthora had a 
lower affinity for phosphite and a Vmax for phosphite that was six times lower than for 
phosphate (Barchietto et al. 1992).  No increase in glucose assimilation or stimulation 
of respiration occurred during the growth of three Phytophthora species with 
phosphite (Niere et al., 1994).   
Chiger (1985) cited in Barachietto et al. (1992) observed an increase in the wall 
vesicles in the mycelia of P. capsici 6 days after phosphite treatment.  These wall 
vesicles were thought to be involved in the translocation of polysaccharides from the 
golgi to the hyphal tip during hyphal growth and cell wall expansion and growth.  
More recent evidence would suggest that such vesicles contain diverse molecules 
such as enzymes, pathogenicity factors and elicitors involved in pathogen 
pathogenesis (Chambers et al., 1995).  The observed increase in vesicles is of 
particular relevance to the mechanism of action of phosphite and is discussed further 
in section 9.5.    
Genes coding for molecules such as annexin and cellulose synthase were down 
regulated in phosphite treated mycelia of P. cinnamomi whilst genes for adenosine 
ribosylation factors were upregulated (King et al., 2010). These genes are involved in 
the synthesis of the cell wall and membrane (Konopka-Postupolska et al. 2007) 
whilst the cellulose synthase is required for virulence (Grenville-Briggs et al., 2008). 
A reduction in the concentration of water soluble macromolecules from the mycelium 
of P. palmivora was noted by Grant et al., (1990). These molecules were proposed to 
be suppressor molecules and to have a role in inhibiting the plants defense response 22 
to the pathogen. However, phosphite treatment of P. capsici mycelia resulted in an 
increase in the water soluble cell fraction that contained a mixture of glucan and 
glycoconjugates that were able to induce capsidiol production in tobacco cells 
(Rouheir et al., 1993), suggesting that the situation at the host-pathogen interface is 
complex.  
In summary, the two most notable effects of phosphite on the biochemistry of 
Phytophthora are the 35-fold increase cytosolic pyrophosphate concentration (Niere 
et al., 1994) and the 1000-fold increase in specific activity of glucose-6-phosphate 
dehydrogenase and 6-phosphogluconate dehydrogenase (Barchietto et al., 1992).  
However, it would be premature to draw conclusions based on these facts alone. 
2.4.3  Development of resistance to phosphite in oomycetes 
If phosphite acts at more than one site then it would be expected that its application 
would have multiple (pleiotropic) effects and that development of resistance would be 
slow and at best only partial (i.e. tolerance).  This is in fact what we find as, despite 
long term and widespread use of phosphite, there is little evidence of the significant 
emergence of phosphite tolerant or resistant isolates (Dobrowolski et al., 2008) and 
few reports of their isolation in vitro (Dolan and Coffey,1988; Sanders et al., 1990).  
The Phytophthora species that are resistant to phosphite in vitro and in planta have 
been chemically induced and suggest that the site of phosphite action is on the 
pathogen (Dolan and Coffey 1988).  
Resistance of P. palmivora to phosphite has been demonstrated in vitro and in planta 
with chemically induced mutant isolates able to survive and grow on media 
containing phosphite at concentrations over ten-fold higher than those tolerated by 
the parent isolate (equivalent to an LD50 of about 6 mM phosphite) (Dolan and 
Coffey, 1988).  Chemically induced phosphite resistant isolates of Pythium 
aphanidermatum were able to survive on considerably higher concentrations (LD50 of 
60 mM phosphite) (Sanders et al. 1990).  Insensitivity to Fosetyl-Al has also been 
demonstrated in Californian isolates of the lettuce downy mildew pathogen Bremia 
lactucae (Brown et al., 2003).  Long term use of phosphite in avocado orchards tends 
to select for isolates of P. cinnamomi that are less sensitive to phosphite in planta 
(Dobrowolski et al., 2008).  These data suggest that although tolerance to phosphite 
does exist, widespread resistance has yet to develop.  23 
2.4.4  Phytopathogenicity and phosphatases 
Protein phosphatases have an essential role in microbial pathogenesis.  Inhibition of 
calcineurin a serine/threonine phosphatase (PP2B) that is linked to several signal 
transduction pathways in Sclerotinia sclerotiorum results in reduced pathogenicity 
and impairment of cell wall biosynthesis of the fungus (Harel et al., 2006).  Reduction 
of PP2A phosphatase activity in the same organism also resulted in inhibition of 
sclerotial development and reduced pathogenicity (Erental et al., 2007).  This group 
also proposed a functional link between a mitogen activated protein kinase (MAPK) 
and reactive oxygen species (ROS) signaling and PP2A activity in S. sclerotiorum.   
Calcineurin activity has also been shown to be essential for pathogenesis in the rice 
blast fungus Magnaporthe grisea (Viaud et al., 2002) and the human fungal 
pathogens Candida albicans and Cryptococcus neoformans (Fox and Heitman, 
2002).   
In addition to its role as a phosphatase, calcineurin also functions as a calcium-
dependent signaling molecule as a regulator of calcium influx into the cytosol and is 
required for hyphal elongation in C. neoformans (Fox and Heitman 2002).  
Extrapolation of this data to Phytophthora implies that inhibition of calcineurin’s 
phosphatase activity and cytosolic calcium ion homeostasis would have far reaching 
consequences regarding its ability to infect plants.  Considerable data suggest that 
dimorphic switching in pathogenic organisms is linked to their ability to be pathogenic 
on their respective hosts.  Phytophthora infestans contains a Cdc14 protein (cell 
division control protein) with homology to a tyrosine phosphatase that is not 
expressed during normal growth but only during asexual sporulation (Fong and 
Judelson, 2003).  Homology-dependent silencing experiments demonstrated an 
essential role for Cdc14 during sporulation. The authors considered the finding that 
inhibition of Cdc14 could control zoosporangiogenesis and hence the pathogenicity 
of P. infestans significant enough to patent it (International patent number WO 
03/059936 A2).   
2.4.5  The effect of pyrophosphate accumulation on P.  cinnamomi 
The accumulation of pyrophosphate (PPi) in the cytosol of Phytophthora spp. is likely 
to have pleiotropic effects as the di-phosphate molecule is the product of over 100 
biosynthetic and degradative reactions that occur in a living cell (Heinonen, 2001).  
For example, pyrophosphate is produced during the synthesis of nucleic acids, 
transfer-RNAs, cyclic nucleotides such as cAMP, and the production of terpenes and 24 
sterols via the condensation reactions involving isopentylpyrophosphate monomers 
(ibid).  Protein degradation via the ubiquitin pathway also produces PPi as a reaction 
product (ibid).  The high concentration of PPi resulting from phosphite treatment is 
likely to inhibit these reactions and cause a general inhibitory effect on metabolism 
due to its mass action effects on reaction rates (Cornish-Bowden, 1976).  
Additionally, as PPi will have chemical analogues in the cell, such as ADP, the effect 
of increased PPi concentrations on reactions involving these analogues must also be 
considered.  As Phytophthora spp. do not contain polyphosphate storage vesicles 
(Chilvers et al., 1985), the continued presence of non-metabolisable phosphite 
means that relief of inhibition caused by PPi accumulation will only occur once 
phosphite is oxidized to orthophosphate, a process that may take considerable time, 
if it occurs at all.  
2.4.6  Previously proposed mechanisms to account for the effects of phosphite on 
P. cinnamomi 
Several mechanisims have been proposed to account for the action of phosphite, all 
of which fall into the three functional categories of direct mode of action on the 
pathogen only, indirect action on the plant defense system, and a complex mode of 
action that is a combination of effects of phosphite on both pathogen and host 
simultaneously. Given the similarity that phosphite has to orthophosphate (Section 
2.3.1) and the central role played by phosphate in every aspect of metabolism it is 
likely (though not proven) that the mode of action of phosphite will ultimately involve 
both host and pathogen and is therefore complex.   
Early investigations into the mechanism of action of phosphite involved fosetyl-Al, 
first released by Rhone-Poulenc in 1977.  Fosetyl-Al is the active ingredient of Aliette 
and is degraded by plant enzymes to the phosphite anion which is the active 
ingredient (Farih et al., 1981).  Considerable data exist on the efficacy of fosetyl-Al 
(the aluminium salt of triethyl phosphonate) and phosphite against various 
Phytophthora species and other oomycetes in vitro and in various plant species 
(Cohen and Coffey 1986 and references therein, for example Cooke and Little 
(2002); Sala et al. (2004); Johnson et al. (2004);   Abbasi and Lazarovits (2006)).  
Initial reports (see references in Farih et al., 1981) suggested that as detached 
leaves floated in fosetyl-Al produced more anti-fungal phenolic compounds and had 
reduced lesions when infected with Phytophthora that fosetyl-Al acted primarily 
through stimulation of the host defense system.  This was supported by Coffey and 
Bower (1984) and Fenn and Coffey (1984) who showed that higher concentrations of 25 
phosphite were required to prevent growth of Phytophthora spp. in vitro than the 
concentrations of phosphite required to prevent disease symptoms in planta.  An 
additional complication in discerning the mode of action of phosphite was that the 
sensitivities of various Phytophthora spp. to the anion varied considerably, as did its 
effects on different aspects of the pathogen’s life cycle.  For instance, although 
vegetative mycelia growth, zoospore and chlamydospore germination were found to 
be relatively insensitive to phosphite, sporangium production was significantly 
reduced at concentrations of less than 0.1 mM (Farih et al., 1981; Coffey and 
Joseph, 1985).  
As discussed above the activity of phosphite against Phytophthora spp. in vitro was 
subsequently found to be greater in low phosphate medium suggesting that there 
was an interaction between the two anions either in their uptake or mode of action 
(Fenn and Coffey 1984).  Phosphite was also found to be less active against Pythium 
spp. and even less effective against non-oomycetes (ibid).  This gave credence to 
the direct mechanism of action of phosphite against the pathogen:  if the plants 
defense system was being stimulated by phosphite, then phosphite-induced 
resistance to other pathogens would be expected.  Isolation of chemically-induced, 
phosphite-resistant mutants of P.  capsici and P. palmivora also supported a direct 
mode of action of phosphite on the pathogen (Cohen and Coffey, 1985).  In contrast, 
Saindrenan et al. (1988) showed that AOA (alpha-aminooxyacetate, a competitive 
inhibitor of phenylalanine amonia-lyase (PAL)) inhibited the production of 
phytoalexins in detached cowpea leaves and resulted in an increase in infection 
lesions by P. cryptogea. This would appear to indicate that PAL activity is necessary 
for resistance to Phytophthora infection.  
Grant et al. (1990) suggested that phosphite acts directly on the pathogen causing a 
reduction in surface “suppressor” molecules that delay or inhibit the plants defense 
response.  As the overall composition of the macromolecules produced by the 
pathogen did not change when treated with phosphite, an increase in elicitor activity 
was not suspected. However, elicitor activity was not measured.  This is in contrast to 
Saindrenan et al., (1990) who showed that filtrates of P. cryptogea cultures that had 
been treated with 2.4 mM phosphite had increased elicitor activity.  However, as 
phosphite induces hyphal lysis (King et al., 2010) one would expect a release of all 
molecules including defense suppressing and defense inducing effectors from the 
pathogen. 26 
 Barchietto et al. (1992) have suggested that phosphite may reduce growth by 
competing for the catalytic sites of phosphorylating enzymes such as glyceraldehyde-
3-phosphate dehydrogenase, an enzyme involved in glycolysis and recently 
implicated in transcription activation and initiation of apoptosis (Voet and Voet, 2010).  
They also proposed that the ability of phosphite to cause P. cryptogea to elicit host 
defense reactions could be due to phosphite induced deregulation of the activity of 
enzymes involved in β-glucan biosynthesis, such as UDP-glucose 
pyrophosphorylase, resulting in non-specific overproduction of polysaccharides. The 
selective toxicity of low phosphite concentrations towards oomycetes may then be 
said to be due to the different sensitivities of phosphorylating enzymes in this genus.  
However, the 10-fold increase in activity of UDP-glucose pyrophosphorylase found 
by Barchietto et al., (1992) has been suggested by Niere et al., (1994) to be a 
positive feedback loop that attempts to compensate for the reduction in activity 
caused by the presence of high levels of pyrophosphate. This is indeed likely to be 
the case and a similar feedback mechanism would explain why G-6-P DH and 6-PG 
DH are also dramatically up-regulated in phosphite treated mycelia.  
The common link between amino acid and nucleotide biosynthesis is the 
intermediate 5-phosphoribosyl-1-pyrophosphate (PRPP) and Griffith et al., (1990) 
have postulated a mechanism whereby phosphite acts either directly or indirectly on 
the enzyme PRPP synthase as a tight binding inhibitor, or via another phosphite 
generated intermediate. PRPP synthase transfers pyrophosphate from ATP to 
ribose-5-phosphate and in doing so links carbon and nitrogen metabolism through 
PRPP. The enzyme can therefore be considered a metabolic hub (Lehinger, 2007).  
Although the suggestion that phosphite inhibits PRPP formation is plausible, it is 
more likely that the inhibitor is pyrophosphate which is a product of reactions for 
which PRPP is a precursor, such as purine and pyrimidine nucleotides, and the 
pyridine nucleotides NAD
+ and NADP
+ (Wang et al., 2004).  Inhibition of reactions 
catalysed by PRPP synthase, as well as increased specific activity of glucose-6-
phosphate dehydrogenase and 6-phosphogluconate dehydrogenase (Barchietto et 
al., 1992) can be explained in terms of product inhibition by either phosphite or 
pyrophosphate, both concentrations of which are cumulative in phosphite treated 
mycelia (Niere et al., 1994).   
Since the early 1990’s the general consensus has been that there was evidence for 
both direct and indirect modes of action of phosphite (Grant et al., 1990; Guest and 
Bompeix, 1990; Guest and Grant, 1991). The relative contribution of these modes of 27 
action to the resistance of the host plant could vary according to the conditions of the 
experiment.  For example, the existing phosphate concentration and the 
concentration of phosphite applied (Smillie et al., 1989; Fenn and Coffey,1989); the 
nutritional status, age and size of the plant (Smillie et al., 1989; Aberton et al., 1999); 
the species of Phytophthora (Smillie et al., 1989); the species of plant host (Fenn and 
Coffey, 1989; Smillie et al., 1989; Tynan et al., 2001); timing of phosphite application 
and seasonal effects (Pegg et al., 1987).  
2.5  Effect of Phosphite on Plants 
2.5.1  Uptake and distribution of phosphite in plants 
Phosphite is easily absorbed and rapidly translocated around the plant in the xylem 
and phloem by the same mechanism as phosphate (Ouimette and Coffey, 1990).  
However, as mentioned above, there is no evidence to show that phosphite is 
actively metabolised (Guest and Grant 1991; Danova-Alt et al., 2008) or that it is of 
any nutritional benefit to the host plant (Thao and Yamakawa, 2009) although some 
controversy surrounds this latter point (see section 2.5.4).  Microorganisms in the soil 
and rhizosphere enzymatically oxidise phosphite to orthophosphate which is then 
readily absorbed by plant roots through the normal phosphate channels.  However, 
the process is slow and may take many months (MacDonald et al., 2001; Thao and 
Yamakawa, 2009).   
Unlike in Phytophthora, the uptake of phosphite into sugar beet leaf discs was 
sensitive to metabolic inhibitors but not to external phosphate concentrations 
suggesting that phosphite uptake is a non-competitive, active process (Ouimette and 
Coffey, 1990).  Transport compartmentalisation and metabolism of phosphite were 
recently examined in real time by Danova- Alt et al., (2008) using 
31P-NMR.  In 
phosphate-starved tobacco cells phosphite was found to inhibit phosphate influx via 
multiple transport mechanisms in a competitive manner and to accumulate in the 
cytoplasm in preference to vacuoles.  Conversely, phosphate-preloaded cells treated 
with phosphite accumulated phosphite almost exclusively in vacuoles (Danova-Alt et 
al., 2008).  Depending on phosphate status of the plant, the compartmentalization of 
phosphite in either the cytosol or vacuole may explain why phosphite is more 
effective in controlling oomycete diseases in low phosphate soils such as the South-
West of Western Australia and conversely requires more frequent application in 
plants grown on high phosphate soils such as in avocado orchards (Pegg et al., 
1987).  Previously, Carswell et al., (1996) found that intracellular orthophosphate 28 
levels were decreased in phosphite treated (5 – 10 mM) Brassica nigra seedlings and 
that phosphite accumulated in roots and leaves up to 16- and 6-fold that of 
orthophosphate (respectively) in phosphate starved (0.15 mM) plants.  
2.5.2  The effect of phosphite on plant chemistry  
Phosphite appears to have little or no effect on the metabolism of tobacco cells 
(Danova- Alt et al., 2008). In contrast to Phytophthora species (Tables 2.4 and 2.5), 
treatment of tobacco cells with phosphite did not result in a reduction in nucleoside 
triphosphates or glucose-6-phosphate nor an accumulation of nucleoside 
diphosphates or pyrophosphate and the total adenylate pool was unaffected.  
However, these results were obtained after only 20 hours incubation with phosphite 
whereas those with Phytophthora were obtained after 7 days of treatment (Niere et 
al. 1994) (Table 2.5).  Plant cells contain levels of pyrophosphate in the range of 0.5 
– 40 nmol/g fresh weight (equivalent to approximately 0.5 – 40 uM) (Heinonen, 
2001).  In Brassica nigra seedlings grown on 10 mM phosphite there was no 
measurable change in the concentration of pyrophosphate (Carswell, et al., 1996).  
This is in contrast to concentrations of pyrophosphate in P. palmivora which increase 
from control levels of 0.2 mM up to 1-5 mM in the presence of phosphite (in 
Heinonen (2001) calculated from the data of Niere et al., (1994)).  It is possible that 
brassicas, such as Arabidopsis thaliana, contain exceptionally high amounts of 
pyrophosphate (Heinonen, 2001) and this may account for the high tolerance of the 
species to infection by P. cinnamomi, although this has not been confirmed.  
2.5.3  Priming of the plant defense system by phosphite 
Our current knowledge of the plant defense response has recently been extensively 
reviewed (Boller and He, 2009 and references therein).  Plant defense responses to 
pathogens can be divided into two groups: an initial general basal resistance 
response which occurs within a few minutes and a later, more host-pathogen specific 
gene-for-gene resistance response that occurs over a few days.  In order to infect a 
plant the pathogen must first penetrate the physical barrier of the cell wall and 
neutralise any preformed anti-microbial compounds (phytoalexins).  The next barrier 
is avoiding detection of its pathogen-associated-molecular-patterns (PAMPs) by the 
plants non-self recognition system (Jones and Dangl, 2006).  Examples of PAMPs 
are fungal chitin and bacterial flagellin.  PAMPs trigger a non-specific basal immune 
response that consists of ion influxes, protein phosphorylation cascades involving 
mitogen activated protein kinases (MAPKs), reactive oxygen species (ROS) 29 
generation, production of signaling molecules such as salicyclic acid (SA), jasmonic 
acid (JA) and ethylene (ET), induction of defense related genes (such as hydrolytic 
enzymes), phytoalexin biosynthesis, callose production, cell wall reinforcement and 
possibly programmed cell death (Dey and Harborne, 1997; Boller and Yang He, 
2009). 
Primed plants display either a faster and/or stronger activation of defense responses 
when challenged with attack by a pathogen.  Plant defense priming can be induced 
chemically with naturally produced or synthetic compounds and plants that have had 
prior experience of a pathogen attack demonstrate a primed defense response when 
subsequently challenged (Conrath et al., 2006).  Parsley cells that have been 
pretreated with salicylic acid (SA) and then challenged with a P. sojae elicitor 
accumulated high levels of PAL mRNA and enhanced activity of other cellular 
defense responses (ibid).  BABA (beta-aminobutyric acid) induced PR-1 gene 
expression and enhanced callose deposition in Arabidopsis (Ton et al., 2005).  
Various plant species that have been treated with phosphite and infected with 
Phytophthora produce increased amounts of phytoalexins and reactive oxygen 
species more rapidly and are more resistant to infection than untreated, infected 
controls (Guest 1984; Nemestothy and Guest 1990; Guest and Grant 1991: Jackson 
et al., 2000; Daniel et al., 2005; Suddaby et al., 2008).  Banksia brownii infected with 
P. cinnamomi and treated with phosphite evidenced increased compartmentalization 
and walling off of the pathogen (Smith et al., 1997).  Saindrenan et al. (1988) showed 
that the resistance induced by the application of phosphite to detached cowpea 
leaves inoculated with Phytophthora cryptogea could be reversed by pretreatment of 
the leaves with aminooxyacetate (AOA), an inhibitor of phenylalanine ammonia lyase 
in the phenylpropanoid pathway.  This suggested that phytoalexin biosynthesis is 
responsible for mediating the effect of phosphite.  However, this was disputed by 
Fenn and Coffey (1989) who proposed that AOA acts by strongly reducing the uptake 
of phosphite in P. capsici thereby preventing any effect that phosphite may have on 
the pathogen.  Although phosphite-induced resistance is usually associated with, but 
not shown to be causally related to increased phytoalexin production, it has been 
shown that phytoalexins are not required for resistance to Phytophthora in 
Arabidopsis thaliana (Roetschi et al., 2001).   
Alterations in the host-pathogen interface after treatment of the plant with phosphite 
have been noted by several authors. For instance Jiang and Grossmann (1990) 30 
showed that phosphite enhanced the development of electron dense deposits in 
adjacent uninfected cells.  However, an important factor is the need for the presence 
of both phosphite and the pathogen in the elicitation of an enhanced defense 
response (Jackson et al., 2000).  
Pathogens also produce defense inducing effectors such as AVR proteins 
(avirulence gene products), elicitins and elicitors.  Pathogen effector molecules can 
be detected specifically by the plant host resistance proteins (R proteins) which are 
manufactured to determine resistance between a particular pathogen and host 
(Jones and Dangl, 2006).   The recognition of a pathogen  AVR-protein by a cognate 
plant R-protein is more complex than the simple interaction proposed by the gene-
gene concept and is more rigorously described by the Guard hypothesis (Jones and 
Dangl, 2006) or the decoy model (van der Hoorn and Kamoun, 2008).  R-protein 
activation in plants is highly regulated as it ultimately leads to programmed cell death, 
however early recognition is vital for successful defense. The role of the pathogen’s 
effector molecules is to suppress the response of the plant to non-self, but an in 
depth analysis of the impact of phosphite on these aspects of the plant defense 
system is outside the scope of this thesis. 
Any model of the effect of phosphite on plants needs to accommodate an enhanced 
defense response in treated plants.  But is this response necessary if phosphite has 
a direct effect on the pathogen?  The low activity of phosphite in vitro suggests 
participation of the plant defense response at some level and this infers that a plant 
without a dynamic defense response would not be protected by the application of 
phosphite (Grant et al., 1990). A mixed mode of action of phosphite on both plant 
defense and pathogen growth was proposed by Smillie et al. (1989).  Even though 
the results of Smillie et al. (1989) were consistent with a site of action for phosphite in 
the pathogen they also suggested that plant defense plays a critical role in arresting 
pathogen growth.  However, if phosphite is acting on the plant defense system why 
were phosphite treated plants not resistant to other plant pathogens such as 
Ascomycetes (Mamdouh and Bompeix, 1992)?  Some phosphite treated plants have 
however been reported to have increased resistance to a few non-oomycete 
pathogens although these findings have not been commercially exploited or 
scientifically examined (Guest et al., 1995).  31 
2.5.4  The effect of phosphate and phosphite on plant health 
Depending on the concentration applied, and the phosphate status of the plant, 
phosphite has been shown to inhibit the phosphate starvation response, alter 
physiology and growth, and increase the defense response of plants to infection by 
Phytophthora spp. (Table 2.6).  Studies on the effects of application fosetyl-Al and 
phosphite have shown that generally high internal concentrations of phosphite could 
be correlated with reduced plant growth (Carswell et al., 1996; Sukarano et al., 
1998).  Phosphite also caused stunted root growth and reduced colonization by 
mycorrhizal fungi in Allium cepa (Sukarano et al., 1998).  Phosphite spraying of non-
infected plants has a detrimental effect on pollen fertility and seed germination of 
some annual species of the native jarrah (Eucalyptus marginata) forest in the 
southwest of Western Australia (Fairbanks et al., 2001), suggesting that frequent 
application over the long term could reduce the abundance of plants in the 
ecosystem and that this effect could be reduced by appropriate timing of phosphite 
applications. Pollen germination and pollen tube growth of Hass avocado was also 
found to be sensitive to phosphite, although these trials used relatively high 
concentration of phosphite and were carried out in vitro (Nartvaranant et al., 2004).   
Phosphite may have a deleterious effect on plant growth and general health 
particularly in plants that are phosphate deficient (Carswell et al., 1996).  At high 
concentrations, phosphite application to native Australian plants adapted to low-
phosphate soils causes leaf burn, rosetting of foliage, stunting, chlorosis, reduced 
flowering and fruiting,  and may cause death (Tynan et al., 2001; Barrett et al., 2001; 
Wilkinson et al., 2001a; Hardy et al., 2001a).  The long term efficacy of phosphite 
depended on both the plant species treated and the time of year that the plant is 
infected with P. cinnamomi (Wilkinson et al., 2001). One injection of 50-100 g 
phosphite /L protected infected banksia and eucalypt trees for at least 4 years and 
the lesion was usually contained by callus (Shearer et al., 2006).   However, stem 
injection with phosphite 3 weeks after root inoculation with P. cinnamomi  did not 
control  lesion development  in E. marginata (Ibid).  In Banksia coccinea there was U-
shaped non-linear relationship between stem injection of phosphite concentrations 
and effectiveness of phosphite in controlling P. cinnamomi lesion extension, girdling 
and stunting of growth (Shearer et al., 2006, Shearer and Fairman, 2007).  
 
As mentioned previously some controversy exists regarding the effect of phosphite 
application to horticultural crops.  Results from phosphite treated citrus plants 
suggest that phosphite not only improves growth but enhances fruit size quality and 32 
production (Lovatt et al., 1990; 1999) and that unlike orthophosphate, phosphite was 
readily taken up when applied to the leaves of phosphate-deficient citrus plants.  
Treatment of detached cowpea leaves with phosphite prior to infection with P. 
cryptogea inhibited pathogen growth. This effect was completely reversed by 
pretreatment of leaves with a phenylpropanoid pathway inhibitor AOA (Saindrenan et 
al., 1988).  Phosphite controlled stem canker in Persea americana  and P. indica 
caused by P. citricola (El-Hamalawi and Menge 1995) and moldy-core decay caused 
by A. alternata in apple fruits (Reuveni and Sheglov, 2003).  For an in-depth review 
on the positive nutritional effects of phosphite on a wide range of horticultural crops 
see Rickard (2000).  
 
The similarities between the plant’s response to orthophosphate and phosphite 
application, particularly under long term field trial conditions, has lead to the belief 
that phosphite can act as a fertilizer or bio-stimulator.  However, Thao and 
Yamakawa (2009) concluded that the increase in plant health attributed to phosphite 
being a source of phosphate is misleading as the half-life of phosphite oxidation to 
phosphate by soil microorganisms is several months (Adams and Conrad, 1952) and 
that plants involved in the trials could have been infected with oomycete pathogens 
against which phosphite is growth retarding.   
Although the effect of phosphite on plant health can be varied, in most instances the 
application of orthophosphate fertiliser generally improves plant heath and reduces 
susceptibility to disease (Walters and Bingham 2007).  Foliar orthophosphate 
application increased disease resistance in cucumber by inducing a rapid generation 
of ROS and a hypersensitive response that preceded cell death (Orober et al., 2002).  
Phosphate-mediated induction of resistance of barley to powdery mildew was 
associated with increased PAL and peroxidase activity (Mitchell and Walters, 2004) 
and systemic resistance to rust in Vicia faba can be induced by treating leaves with 
10 mM phosphate (Walters and Murray 1992).  This is a very similar reaction to that 
seen after the application of phosphite to Xanthorrhoea australis where Daniel et al. 
(2005) found that phosphite treated plants infected with P. cinnamomi reacted more 
rapidly and produced more ROS than plants that had not been treated with 
phosphite.  (Data from this paper can also be interpreted in a way that allows for 
phosphite to be acting on the pathogen only, particularly with respect to timing of 
reactions at the host-pathogen interface (see General Discussion).  
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Table 2.6  The pleiotropic effects of phosphite, phosphonates and bisphosphonates on plants and other 
organisms. Phosphite is defined as a mixture of the mono- and di-anions of phosphorous acid,  
Phosphonates are phosphite esters, bisphosphonates are pyrophosphate analogues where two P-O-P 
bonds are  replaced by two P-C-P.   
 
Effect of phosphite, 
phosphonate or 
bisphosphonates 
 
 
 
Plant species, organism 
 
 
Reference 
Suppression of 
disease in plants 
Disease caused by Phytophthora spp, Fusarium spp., 
Armillaria luteobubalina organisms, and downy mildew 
caused by Plasmopara viticola is suppressed by treatment of 
host plants with phosphite and phosphonates 
 
Phosphite application protected potato against P. infestans, 
F. solani & R. solani infection in Solanum tuberosum. Crops 
also showed a delay in senescence 
 
Various bisphosphonates inhibited the development of 
symptoms and diseases caused by Trypanosomid & 
Apicomplexans 
 
Phosphite controls apical necrosis in Mangifera indica 
induced by P. syringae 
 
Guest et al., 1995  
 
 
 
Lobato et al., 2008 
 
 
 
Urbina et al., 1999 
 
 
Cazorla et al., 2006 
Inhibition of the 
phosphate starvation 
response (PSR) 
Phytophthora spp. (Section 2.4) 
 
 
Phosphite interfered with the expression of Pi starvation-
induced gene expression in Arabidopsis thaliana and 
Lycopersicon esculentum 
 
Phosphite applied to Pi-sufficient white lupins elicited a 
complete PSR (proteoid root development and elevated 
enzymes) whereas application of phosphite to Pi- deficient 
plants suppressed the PSR. 
 
Phosphite suppressed the PSR in Pi-deficient Brassica nigra 
plants 
 
Dercks & Buhenauer , 
1987 
 
Varadarajan et al., 2002 
 
 
Gilbert et al.,  2000 
 
 
 
Carswell et al., 1996 
Inhibition of 
phosphate absorption 
Phosphite inhibited competitively the phosphate absorption 
by proteoid roots in Hakea sericea 
 
Sousa et al., 2007 
Reduced pollen 
fertility and seed 
germination 
Phosphite treatment reduced pollen fertility and seed 
germination in a concentration dependent manner in P. 
paniculatta, P. gnaphalioides and  H. cotula 
 
Fairbanks et al., 2001 
Increased phytoalexin 
production 
Fosetyl-Al application advanced production of the 
phytoalexin capsidiol by 18-24 hours in apsicum fruit 
segments infected with P. nicotianae 
 
Phosphite and phosphonate caused an enhanced defense 
response and an accumulation of  phytoalexins  in tobacco 
after pathogen challenge 
 
Phosphite treatment reduced P. cinnamomi  lesion 
development in Eucalyptus marginata: and was associated 
with an increase in host defense enzymes and inhibition of 
pathogen growth 
 
Guest 1984 
 
Nemestothy & Guest 
1990 
 
Jackson et al., 2000 
Increased 
hypersensitive 
response 
Phosphite treatment caused a more intense stimulation of 
the plant defense response and suppression of pathogen 
ingress in Xanthorrhoea australis 
 
Fosetyl-Al  caused an increased hypersensitive response in 
treated tobacco seedling leaves infected with P. nicotiana 
zoospores 
 
Daniels et al., 2005 
 
Guest, 1984 
Inhibition of root 
elongation 
Phosphite inhibited root elongation under Pi-stress in 
Arabidopsis thaliana 
Varadarajan et al., 2002 
Growth and 
morphology 
Inhibited growth in vitro, increased vesicle formation within 
hypha and inhibited zoosporangiogenesis in Phytophthora 
Section 2.4 
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Effect of phosphite, 
phosphonate or 
bisphosphonates 
 
 
 
Plant species, organism 
 
 
Reference 
spp. 
 
Phosphite inhibited development in Nematode spp. 
 
Bisphosphonates inhibited growth in  D. discoideum 
 
High internal concentrations of phosphonate were correlated 
with large reductions in plant growth in Allium cepa 
 
Phosphite caused stunted growth under sub-optimal as well 
as optimal  Pi  nutrition in Zea mays 
 
Phosphite  stimulated growth and increased fruit production 
in citrus and grapes 
 
 
Oka et al., 2007 
 
 
 
Sukarno et al., 1998 
 
 
Schroetter et al., 2006 
 
 
Lovatt & Mikkelsen , 
2006 
Phytotoxicity  Phosphite causes phytotoxic symptoms in many native 
plants including foliar necrosis, defoliation, growth 
abnormalities, chlorosis, reduced root growth and at high 
application rates, plant death 
 
Barrett et al.,  2001 
Shearer et al., 2006 
Miscellaneous effects  Bisphosphonates inhibit bone resorption & are used in the 
treatment  & prevention of osteoporosis, Paget's disease 
and bone tumor metastases in H. sapiens 
 
Fosmidomycin (a phosphonate) inhibited the DOXP pathway 
in the apicoplast of P. falciparum & inhibited growth in vitro 
of P. falciparum 
 
Bisphosphonates inhibited the proliferation of intracellular 
amastigotes & suppressed the number of trypomastigotes in 
T. cruzi 
Beek et al., 2003 
 
 
 
Missinou et al., 2002 
 
 
Urbina et al., 1999 
 
2.6  The role of phospholipase D in the phytopathogenicity of P. cinnamomi 
Phospholipids are a major and essential component of all biological membranes and 
play important roles in cellular signaling, membrane trafficking, and actin 
cytoskeleton structure and function (Lehninger, 2008).  Phospholipase D enzymes 
(PLD) catalyze the hydrolysis of the phosphoanhydride bond (P-O) of 
phosphatidylcholine (as well as phosphatidylethanolamine, -glycerol, -serine, -inositol 
and cardiolipins) to produce choline (a head group) and phosphatidic acid (Jenkins 
and Frohman 2005).  PLDs are therefore a sub-group of the phosphatase super-
family of enzymes.  
The effect of different substrates, regulatory molecules and cellular localization 
(membrane-protein associations and interactions) on PLD activity is complex and 
highly interdependent (Mansfeld and Ulbrich-Hofmann 2009).  PLDs are activated by 
phosphatidylinositides (PIPs), particularly PIP2, the reaction product phosphatidic 
acid (PA) and calcium ions binding to the Ca
2+ regulatory binging sites (C2 domains).  35 
Calcium is required for activity by most plant PLDs in the micro to milimolar range 
depending on the isoenzyme (ibid).  Direct interaction and regulation of plant PLD-
alpha with the G-alpha subunit of heterotrimeric G-proteins has been shown in 
tomato and Arabidopsis (ibid).  Plant PLDs are very diverse with 10 of the 12 
isoenzymes described in Arabidopsis thaliana containing C2 domains and are 
involved in fruit ripening, senescence, wounding, drought and other stress responses 
(ibid).  PLD activity is essential for sporulation in yeasts and deletion of PLD activity 
has no effect on vegetative growth but does reduce virulence (Hube et al., 2001). 
ARF GTPases (ADP-ribosylation factors with intrinsic GTPase activity) are mediators 
of membrane trafficking via initiation of endo- and exocytosis and they activate PLD 
by direct interaction of the GTP-bound form of ARF with the enzyme (Riebeling et al., 
2009).  PLD generates PA and DAG (diacylglycerol), both of which are conical 
shaped lipids that favor a negative curvature when incorporated into membranes and 
produce the characteristic “stalk” that forms prior to membrane fusion (Donaldson 
2009).  Phytophthora zoospores contain two types of peripheral cytosolic vesicles 
that fuse with the plasma membrane and release their chemically-adhesive contents 
onto the surface of the root to which the zoospore is attracted (Hardham, 2007; 
Walker and van West 2007).  External calcium concentration and PLD activity has 
been shown to have a prominent role in zoospore encystment in P. infestans 
(Latijnhouwers et al., 2002; 2004).  Adhesins, plant cell wall degrading enzymes and 
other extracellular proteins, such as elicitor and suppressor molecules, are stored in 
vesicles and delivered to the hypal cell membrane where they fuse and secrete their 
contents externally (Hardham 2007).  The fusion of vesicles with the plasma 
membrane at the hyphal tip (the Spritzenkorper) also provides a mechanism for 
hyphal elongation. This is discussed further in Chapter 9. 
2.6.1  Role of PLD in plants and plant defense 
PLD and its reaction products, particularly phosphatidic acid, play important roles in 
plants that include responses to various biotic and abiotic stresses (Testerink and 
Munnik, 2005). These responses include drought, salinity and cold, as well as 
mechanical wounding, pathogen infection and responses to plant hormones such as 
abscisic acid (ABA).   The suppression of a PLD gene in rice activated defenses in 
the absence of infection and increased disease resistance to two major rice 
pathogens (Yamaguchi et al., 2005).  Rice plants showed an accumulation of ROS, 
induction on PAMP genes and cell death like ahypersensitive response in the 
absence of pathogen (ibid).  36 
2.6.2  PLDs of Phytophthora 
The genus Phytophthora has 18 genes that code for proteins having PLD activity 
suggesting that these enzymes havve an important role in its cellular activity (Meijer 
and Govers, 2006).  The PLDs isolated from Phytophthora spp. contain no calcium 
ion binding domains suggesting that enzyme activity is not directly regulated by 
calcium binding to the protein. However, this does not preclude other Ca
2+ binding 
molecules, such as calmodulin, from interacting with Phytophthora PLDs.  Two novel 
transmembrane PLDs from P. infestans have been cloned and characterized as a 
new PXTM-PLD sub-family that contains a binding domain for diverse 
phosphatidylinositols (Meijer et al., 2005). This novel group of PLDs has also been 
found in P. sojae and P. ramorum and appears to be unique to oomycetes.  The 
diversity of the oomycete PLDs and the large number of transmembrane domains in 
the PXTM-PLDs indicates many possibilities for internal and external activation and 
regulation of these enzymes by various molecules such as phosphoinositols and G-
protein alpha-subunits of which Phytophthora is known to contain only one (Meijer 
and Grovers, 2006). Other mechanisms of regulation that have not yet been 
elucidated are also likely to be involved. 
Zoospores of P. palmivora undergoing synchronous differentiation showed a rapid 
increase in the level of phosphatidic acid (Zhang, Q. et al., 1992).  The removal of 
exogenous Ca
2+ by EGTA reduced phosphatidic acid levels and slowed down 
zoospore differentiation.   Differentiation of zoospores in P. infestans was also 
triggered by exogenous addition of the PLD reaction product phosphatidic acid 
(Latijnhouwers et al. 2002).  The increase in phosphatidic acid levels was due to a 
mastoparan-induced stimulation of PLD via a G-protein.  Phytophthora spp. contain 
no homologues of phospholipase C (PLC) which is a phosphoinositide-specific 
enzyme responsible for hydrolysing phosphatidylinositol (4,5) diphosphate to produce 
the intracellular messengers DAG and IP3 (Meijer and Govers, 2006).  PLC enzymes 
contain C2 domains and their activity is regulated by calcium ions. This together with 
the fact that functional PLDs of Phytophthora spp. do not contain C2 domains is 
notable. 
2.7  The role of abscisic acid in the phytopathogenicity of P. cinnamomi 
Abscisic acid (ABA) is a phytohormone involved in the adaptation of plants to drought 
stress, salinity and cold temperatures (Frankerberger and Arshad, 1995).  Abscisic 
acid is involved in plant embryo development, seed dormancy and senescence and 37 
has recently been shown to participate in glucose homeostasis in mice (Guri et al., 
2007).  ABA also plays a central role in the pathogenesis of the ampicomplexan 
parasiteToxoplasma gonodii as well as the stress adaptation of sponges and hydras 
and is probably involved in the response of the human immune system (Nagamune 
et al., 2008).  The action of ABA has been suggested to generally preserve the status 
quo developmental state rather than initiating transitions and new genetic programs 
(McCourt et al., 2005).  The essential components of an ABA double-negative 
signaling system have recently been identified in A. thaliana and include the three 
main components of the PYR/PYL/RCAR family of soluble ABA receptor proteins, the 
2C-type protein phosphatases (PP2C), and the SNF1-related family of protein 
kinases (Novikova et al,. 2009;  Nambara and Kuctitsu, 2011; Umezawa, 2011).  
PP2C is a negative regulator of ABA and under normal circumstances 
dephosphorylates and inactivates SnRK2.  ABA binds to PYR/PYL/RCAR causing 
the receptor to interact with PP2C and prevent dephosphorylation of SnRK2.  
Activated SnRK2 phosphorylates downstream components of the ABA signaling 
pathway such as transcription factors and ion channels (Umezawa, 2011). 
ABA is synthesized via the isoprenoid pathway (terpenoid pathway) and in plants its 
precursor is a C40 carotenoid (Liu et al.,  2005).  In microorganisms and plants, ABA 
synthesis is stimulated by various abiotic stresses (Maksimov, 2009).  
Phytopathogenic fungi synthesize ABA de novo via the same pathway as plants with 
the immediate precursor as a C15 instead of C40 carotenoid.  The biosynthetic 
pathway for ABA in Phytophthora is not known.   
ABA is stored in intra-storage vacuoles in xylem sap and cell walls and is transported 
as a non-membrane permeable inactive ABA-glucose ester (ABA-GE) in the xylem 
and phloem of plants (Jiang and Hartung, 2008).  ABA can be rapidly mobilized and 
released from its inactive state by beta-galactosidase in the apoplast and cytosol 
(Wasilewska et al., 2008). The activity of beta-glucosidase is increased with its 
degree of polymerisation with itself and its activity increased 7-fold under salt stress 
in barley leaves (Jiang and Hartung, 2008). The ABA-GE thus represents a source of 
readily available ABA the amount of which may represent previous history of abiotic 
stresses (Schroeder and Nambara 2006). The physiological concentration of ABA in 
plants is approximately 20-30 nM (Wang and Zang 2008) and ABA signaling in plants 
is reported as having two distinct phases: a rapid initial phase causing a functional 
response such as the closure of stomata, and a second phase involving the initiation 
of coordinated gene transcription necessary for the long-term alterations in 38 
metabolism that are responsible for embryo development and the adaptive 
responses to environmental stress (Table 2.7).  As ABA acts in concert with other 
phytohormones its effects need to be considered within the context of the organism 
as well as the external environmental conditions.  
Although ABA is usually considered to be a negative regulator of biotic stress in 
plants it also plays a role during the early stages of disease resistance (Ton et al. 
2009). For instance bacterially induced callose is negatively regulated by ABA 
whereas during post-invasive defense against fungi and oomycetes, ABA induces 
callose production (ibid).  ABA has also been shown to negatively regulate elicitor 
induced synthesis of capsidiol (a sesquiterpenoid phytoalexin) in wild tobacco 
(Mialoundama et al. 2009).  Arabidopsis ABA-insensitive (ABI) and ABA-synthesis 
(ABA) mutants have revealed a complex temporal and pathogen-dependent role of 
ABA in the deposition of callose and interactions with reactive oxygen species and 
salicylic acid (ibid).  Generally ABA deficiency appears to induce plant resistance to 
biotrophs and susceptibility to necrotrophs (Novikova et al. 2009).  
The ABA signaling pathway involves the transduction of chemical information from 
the external environment via receptors on the cell membrane across the cytosol and 
into the nucleus.  Though the ABA signaling pathway has yet to be completely 
elucidated, heterotrimeric G-proteins (GTP-binding proteins) and G-protein coupled 
receptors (GPCRs) initiate ABA signal transduction in Arabidopsis (Wang and Zang 
2008).  In plants and Toxoplasma gonodii, G-protein activation by ABA results in 
production of the second messenger cADP ribose (cADPR) which controls the 
release of calcium ions from intracellular stores.   Evidence also suggests that the 
presence of ABA itself is a signal that activates ABA biosynthesis in developing 
seeds (Xiong and Zhu, 2003).  Thus, a positive feedback mechanism that maintains 
ABA concentrations at a certain level may underscore the adaptive responses of 
plants to environmental stress.   
Within the feedback regulatory circuit controlling ABA synthesis are at least two type-
2C protein phosphatases (PP2Cs) that are proposed to either negatively regulate 
ABA signaling, as is the case with ABI1 ( Gosti et al., 1999), or are positive regulators 
as has been shown with FsPP2C2 (Reyes et al., 2006).  ABA signaling altered 
tyrosine phosphorylation levels in 19 proteins and treatment of cells with the 
phosphatase inhibitor phenyl arsine oxide suppressed stomata closure and 
expression of gene RAB18 (Ghelis et al., 2008).  Type 2C protein phosphatases 39 
have also been shown to regulate ABA activated protein kinases in Arabidopsis 
(Wasilewska et al., 2008). These results demonstrate that coordinated 
phosphorylation/dephosphorylation of various proteins by kinases and phosphatases 
and the generation of a calcium signature is likely to be involved in ABA signaling.    
Treatment of soybeans (Ward et al., 1989) and Arabidopsis (Mohr and Cahill, 2003) 
with exogenous ABA increased the susceptibility of these plants to P. megasperma,  
P. syringae and P. parasitica.  In Arabidopsis, drought stress was also shown to 
increase susceptibility to these Phytophthora species and was associated with 
increased endogenous ABA concentrations.  Treatment of Arabidopsis with 
exogenous ABA suppressed the induction of systemic acquired resistance (SAR) 
(Yasuda et al., 2008).  They also demonstrated that the suppression of SAR 
induction by the NaCl-activated environmental stress response was ABA-dependent 
and that the activation of SAR suppressed the expression of ABA biosynthetic genes.  
Phosphate is an important regulator of metabolism and limiting this ion to below 0.5 
mM in the growth of Mycospharella rosicola caused an earlier synthesis of ABA by 
the organism than when it was grown in media containing higher concentrations of 
phosphate (Griffin and Walton, 1982).  A similar result was seen in castor beans 
plants with phosphate deficiency, where increased ABA synthesis occurred in roots 
and the hormone was transported by the phloem to the shoots (Jiang and Hartung 
2007).  These results imply a causal link between low phosphate and the 
biosynthesis of ABA and its subsequent effects. 
2.7.1  Abscisic acid inhibits plant SA-mediated defense response against 
oomycetes 
“The role of ABA in disease resistance remains complex owing to its multifaceted 
function in different tissues and developmental stages of the plant” (Ton et al., 2009).  
In general, one can surmise that the role of ABA during the early stages of pathogen 
invasion is positive but becomes inhibitory as colonisation progresses beyond the 
initial stages of infection (Ton et al., 2009).  So how is ABA biosynthesis linked to the 
increased resistance of phosphite-treated plants to infection by P. cinnamomi?   We 
know that phosphite treated mycelia of P. palmivora contains 30-fold higher 
concentrations of pyrophosphate than untreated controls (Niere et al., 1994).  
Biosynthesis of ABA via the terpenoid pathway also produces pyrophosphate as a 
product of the conjugation reactions catalysed by farnesyl pyrophosphate synthase 
(FPPS) and geranyl pyrophosphate synthase (GPPS).   Product inhibition of enzymic 40 
reactions is assumed unless proven otherwise (Cornish-Bowden, 1976).  Therefore, 
a biochemical consequence of treating Phytophthora mycelia with phosphite could be 
inhibition of ABA synthesis.  Whether P. cinnamomi synthesises ABA de novo and if 
an ABA-induced signaling pathway is necessary for pathogenicity as has recently 
been shown in T. gonodii is the subject of the work in Chapter 6. 
 A hypothesis involving ABA in the phytopathogenicity of P. cinnamomi is that 
endogenous ABA production by the pathogen is necessary for host infection which, 
once colonised, causes the plant itself to synthesize ABA due to the positive 
feedback that the hormone has on its own biosynthesis. Induction of ABA 
biosynthetic genes by exogenous ABA has been demonstrated in Arabidopsis (Xiong 
and Zhu, 2003).  This would have the effect of suppressing the plant’s SA defense 
response that would otherwise protect it, as well as signaling to the pathogen that the 
plant is in abiotic distress. Plants that had been treated with phosphite would have 
reduced ability to synthesize ABA due accumulation of excess pyrophosphate and 
would therefore be able to mount a defense response unencumbered by the 
presence of ABA.  Nor would there be any ABA-induced signaling cascades 
mediated by phospholipase D (PLD) in the pathogen that would result in the release 
of hydrolytic and elicitor type molecules via exocytosis.  However, as in the case with 
sterols, absence of endogenous ABA biosynthesis by P. cinnamomi does not 
preclude this organism from being able to respond to an exogenous ABA signal. 
2.7.2  Sugar, the common denominator 
That Exogenous ABA stimulated invertase activity in soybean seed pods incubated in 
sucrose (Ackerson, 1985).  ABA has also been shown to decrease fasting blood 
glucose when fed to mice on a high fat diet (Guri et al., 2007) and nanomolar 
concentrations of  ABA potentiate insulin release in response to glucose in human 
and murine insulinoma cells (Bruzzone et al., 2008).  The abiotic stress function of 
ABA in plants appears to involve inter alia the regulation of carbohydrate partitioning 
so as to increase the osmolarity of the cytoplasm thereby enabling the cells to cope 
with the altered environmental conditions caused by drought, salinity and cold.  For 
instance, during low temperatures, sugars are known to be cryoprotective and sugars 
and sugar alcolols, such as glucose, fructose and mannitol function as osmolytes to 
maintain celluluar osmotic potential and prevent water loss (Tuteja, 2007; 2008).  
The Arabidopsis sugar-insensitive mutants (sis4 and sis5) are also defective in ABA 
synthesis and in their response to ABA (Laby et al., 2000).  This indicates that some 41 
defects in ABA metabolism and some defects in ABA responses can alter the plant’s 
response to exogenous glucose and sucrose and that there is a connection between 
sugar and ABA signaling in Arabidopsis (ibid).  Sugar signaling repression in plants 
increases the photosynthetic efficiency and the chlorophyll content of plants.  
Hexokinase-dependent sugar sensing in Arabidopsis requires ABA signaling and is 
inhibited in plants with reduced ABA levels (Zhang et al., 2008), although the exact 
nature of the interaction between sugar signaling and ABA still remains obscure.  
Lovatt et al., (1990; 1999) have long claimed that phosphite-treated plants are more 
vigorous and produce higher quality fruit and the reason for this may be due to the 
indirect perturbation of carbohydrate partitioning and resulting homeostatic response 
caused by phosphite (Iglesias et al., 2003).  
The production of callose can also be viewed as a form of sugar repartitioning 
involving activation of callose synthase and suppression of beta-1,3-glucanase 
activity (Maksimov, 2009).  ABA is central to the control of callose synthesis and 
deposition and involves increases in cytosolic Ca
2+ and phosphorylation of callose 
synthases complexes for activation.  Callose is a linear beta-1,3-glucan polymer 
produced by plants and deposited in papillae as a defense response to invasion by 
phytopathogens and may also include proteins and phenolics (Voigt and Somerville, 
2009).  The deposition of papillae in response to microbial attack has been regarded 
as a time-gaining strategy to enable the plant to activate defense genes and initiate a 
hypersensitive defense response. However, this model is not supported by the 
observation that callose is deposited where pathogen ingress is successful and the 
fact that abiotic stress and wounding can also initiate callose deposition (ibid).  
ABA and sugar/starch interactions have been reported for many plant species. The 
ASR protein in grape (ABA, stress and ripening induced protein) promotes synthesis 
of a monosaccharide transporter (Cakir et al., 2003) and ABA treatment has been 
shown to trigger a stress-induced starch mobilization in Arabidopsis (Kempa et al., 
2008).  Sugar starvation has been described as a component of senescence (Cakir 
et al., 2003). 
Although respiration and sugar levels increase for a short period after infection, the 
repression of photosynthesis has been shown to be a general response to pathogen 
infection. However, the effect on sugar levels seems to vary between pathosystems 
(Essmann et al., 2008).  During an incompatible interaction between P. nicotianae 
and tobacco photosynthesis in the host decreased and apoplastic invertase activity 42 
and sucrose concentration increased (Berger et al., 2007).  Additionally, it has been 
shown that phosphate starvation not only induces the transcription of several 
sucrose-responsive genes, but that sucrose will up-.regulate almost all of the genes 
involved in the phosphate starvation response (ibid).  Cytokinin signaling has been 
demonstrated to be involved in sugar sensing (Franco-Zorilla et al., 2005).   
In Phytophthora of particular interest is the finding that phosphite induced the 
incorporation of glucose into the cellulose/cell wall fraction of P. cactorum and P. 
capsici  (Dercks and Buchenauer, 1987).  This was accompanied by cell wall 
thickening of the mycelia tips and a reduction in the ion efflux from the phosphite 
treated mycelia.  However, it appears that in P. cinnamomi at least, carbon starvation 
may reduce virulence all else being equal (Chapter 4).   
These data indicate the occurrence of considerable regulatory cross-talk between the 
various signaling pathways.  They also show that some of the effects of phosphite 
are similar to those effects produced by cytokinin, whereas the effects of ABA appear 
to be antagonistic to those of phosphite (Table 2.7), suggesting that there may be 
some commonality in the biochemical events that mediate their effects.   
Table 2.7.  A comparison of the effects of phosphite with those of abscisic acid (ABA), cytokinins and 
auxins on plant physiology, biochemistry and defense responses against phytopathogens. Unless 
otherwise indicated, information is taken from Frankenberger and Arshad (1996). 
Effect  Abscisic acid  Cytokinin  Auxin  Phosphite 
 
General 
comments 
A single compound whose 
synthesis or release is 
induced by stresses such as 
drought, salinity, cold. As well 
as osmotic stress, soluble 
sugars and ABA itself can 
activate ABA biosynthesis.  
A group of 
compounds 
consisting of N6 
substituted 
purines. 
A large, diverse 
group of 
compounds, some 
with indole 
structures such as 
IAA. 
Phosphite is a non-
metabolisable 
analogue of 
phosphate. It is 
thought to interfere 
with Pi sensing and 
signaling (Ticconi et 
al.,  2001; 
Varadarajan et al.,  
2002). 
 
Overall effect of 
compound in 
plants 
  
ABA is involved in the 
acclimation of plants to stress 
conditions such as drought, 
salinity and cold by inducing 
de novo biosynthesis of 
osmolytes & LEA proteins. 
ABA promotes senescence 
and often antagonizes the 
action of growth promoting 
hormones.  It has the general 
function of the promotion of 
dormancy. 
 
Cytokinins 
regulate growth, 
development and 
senescence 
processes. 
Promotes plant 
growth and 
development at 
low 
concentrations, 
but high 
concentrations are 
often inhibitory. 
 
Effects depend on 
phosphate status of 
plant. 
 
Effect of 
exogenous 
application of 
compound has 
on the defense 
response of the 
Application of ABA causes an 
increase in disease 
symptoms caused by P. 
megasperma in soyabeans 
(Ward et al., 1989) & 
Peronospora parasitica in 
Exogenous 
application 
stimulates SAR? 
Exogenous IAA 
attenuates 
disease severity in 
potato-P. 
infestans 
interaction  (Noel 
Phosphite application 
suppresses disease 
symptoms caused by 
oomycete pathogens 
(see Table 2.1).  43 
Effect  Abscisic acid  Cytokinin  Auxin  Phosphite 
 
host plant to 
pathogen 
challenge 
Arabidopsis (Mohr and Cahill, 
2003). 
 
et al., 2001). 
Root 
architecture 
and growth 
ABA causes an increase in 
root-to-shoot ratio (Watts et 
al., 1981) and root hair 
density. 
ABA induced arrest of lateral 
root meristem establishment 
and maintenance (De Smet et 
al., 2006). 
Enhanced root 
development and 
root hair 
formation. 
Exogenous 
application 
causes Increased 
gall formation. 
Increased root 
initiation, root 
growth inhibition, 
enhancement of 
lateral root 
formation. 
 
 
Phosphite increases 
lateral root formation 
in Pi-deprived 
Arabidopsis, but not 
in Pi-sufficient lupins? 
 
 
Shoot and Leaf 
architecture 
and growth 
ABA promotes the closure of 
stomata. Promotes leaf 
senescence and abscission, 
induces bud dormancy, 
inhibits growth. Decreases 
plant weight. 
 
Increased flower 
formation, 
enhanced seed 
release, shoot 
initiation, delays 
senescence. 
 
Leaf senescence 
and abscission. 
Leaf rosetting  
Stunting. 
Flowering and 
Seed and Fruit 
development 
Promotes fruit ripening and 
abscission, inhibits flowering 
and seed germination. ABA 
levels are high during seed 
maturation. 
 
 
  Fruit setting and 
growth, fruit 
ripening and 
abscission, flower 
promotion.  
Reduced flower and 
fruit set. 
 
Increased fruit set. 
Photosynthesis 
and 
carbohydrate 
partitioning 
 
ABA leads to a depletion of 
starch and an increase in the 
glucose:fructose ratio and  
G-6-P (Kempa et al., 2008).  
Photosynthesis is  decreased. 
 
Cytokinins cause 
accumulation of 
chlorophyll, 
enhanced 
photosynthesis. 
 
   
Effect of 
compounds on 
the phosphate 
starvation 
response 
(PSR) 
 
 
ABA may mediate some 
responses of plant to Pi-
starvation (Ribot et al., 2008). 
ABA synthesis is increase in 
roots of phosphate starved 
castor bean plants (Jiang & 
Hartung, 2007). 
 
 
Kinetin represses 
the PSR in Pi-
starved plants 
(Ribot et al., 
2008).  
Cytokinins 
mediate 
repression of 
PSR in Pi-starved 
Arabidopsis 
(Martin et al.,  
2000). 
Cytokinin levels 
decrease in the 
PSR and 
therefore reduced 
CK signaling may 
be involved in 
PSR. 
 
Pi-deprived 
Arabidopsis root 
are hypersensitive 
to auxin (Perez-
Torres et al., 
2008). 
Increased proteoid 
root formation. 
Phosphite 
suppresses the PSR 
in Pi-starved plants. 
Synthesis of 
compounds by 
microorganisms 
 
ABA is produced by 
numerous phytopathogenic 
fungi. It has not been isolated 
from a biotroph. 
Many rhizosphere 
microorganisims 
produce 
cytokinins that 
supplement plant 
requirements. 
Auxins are 
produced by many 
fungal and 
bacterial 
pathogens and  
cause hypertrophy 
of diseased tissue 
(tumors, galls) eg 
A. tumefaciens.  
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2.8  The role of calcium in phytopathogenicity 
The calcium ion is central to many aspects of eukaryotic metabolism and is an 
essential first, second and third messenger in signal transduction pathways. The 
complexity of calcium function and its reactivity with orthophosphate necessitates 
that the cytosolic concentration of free calcium is highly regulated by a plethora of 
calcium binding proteins (such as calmodulin (CaM), CaM-binding proteins and 
annexins) and a number of distinct ion channels (Nagata et al., 2004). The activity of 
these processes is tightly coordinated (Berridge, 1997) and as a result Ca
2+ tends to 
act locally (Clapham,  2007). The resting concentration of calcium in the cytosol is 
maintained typically at 200 nM, whereas in the apoplast of plant cells calcium ion 
concentration ranges between 0.1 to 1.0 mM (Tuteja and Sopory,  2008).  In the 
endoplasmic reticulum these concentrations can reach 50 mM  (Tuteja and Sopory,  
2008).  The ion channels responsible for allowing the entry of calcium ions into the 
cytosol are plasma membrane Ca
2+-dependent ATPases (PMCAs) and ATP-
dependent removal of Ca
2+ to the endoplasmic reticulum or vacuoles against a Ca
2+ 
gradient (sarcoendoplasmic reticular Ca2+ ATPase; SERCA) (reviewed by Clapham, 
2007 and Dodd et al., 2010).  Of particular interest is the Ca
2+-dependent ATPase 
which uses the chemical energy of ATP hydrolysis to translocate Ca
2+ and is a 
phosphatase. 
The main calcium sensor molecule calmodulin (CaM) is found in all eukaryotic cells. 
However, a significant biochemical difference between animal, fungi and plant cells is 
that plant cells have an expanded CaM super family as well as many other Ca
2+ 
sensor molecules indicating that the Ca
2+ sensing and decoding mechanisms are 
more sensitive and complex than in other organisms (Luan, 2008).  For example, the 
calcineurin B-like protein (CBL) forms part of the CBL-interacting protein kinase 
(CIPK) network that is unique to plants (Luan, 2008).   
2.8.1  Evidence that calcium affects the phytopathogenicity of Phytophthora 
species  
Symptoms of root rot diseases caused by Phytophthora species are decreased in 
plants that have been treated with complete fertilizers (Schmittenner and Canaday, 
1983) and P. cinnamomi suppressive soils in Australia are characterized by high 
calcium and nitrogen (Broadbent and Baker, 1974).   Phytophthora stem rot on 
soybeans was reduced by the application of CaCl2 or Ca(NO3)2.  However, the 
addition of calcium as either CaCl2 or CaCO3 to soils has been correlated with both 45 
an increase (Simpfendorfer and Harden, 2000) as well as a decline in disease 
incidence (Messenger et al., 2000).   Phytophthora multivora is an example of a 
Phytophthora species that is successful as a pathogen on tuart trees in calcareous 
soils (Scott et al., 2008). This has lead to the inference that other factors, such as 
organic matter and the presence of P. cinnamomi-suppressive microflora may be 
involved in disease control (Schmittenner and Canaday, 1983). 
Pathogenicity can be described as all the processes necessary to cause disease and 
there are several lines of evidence to suggest that an increase in cytosolic calcium 
ion concentrations in P. cinnamomi may reduce pathogen virulence.  
Zoosporangiogenesis requires the presence of extracellular calcium ions in low 
concentrations coupled with an increase in intracellular concentration (Irving et al., 
1984).  A transient rise in cytoplasmic free calcium is also required to induce 
zoosporangial cytokinesis and this is induced by cold shock (Hardham, 2001).  The 
accompanying reduction in membrane fluidity caused by temperature reduction 
stimulates both zoosporangiogenesis and expression of PinifC genes that encode 
protein phosphatases involved in transcriptional control in P. infestans (Tani and 
Judelson, 2006). This increase in membrane rigidity induced by cold shock could be 
simulated with 35 mM DMSO and prevented with benzyl alcohol.  The calcium 
channel blocker verapamil inhibited zoosporangiogenesis, as did inhibitors of 
phospholipases C (U-73122) and inositol trisphosphate receptor-gated calcium 
channels (Tani et al., 2004).   
High extracellular calcium ion concentrations have been shown to have a direct effect 
on the intracellular concentration of calcium (Connolly et al., 1999) and to reduce the 
ability of P. parasitica zoospores to further infect plants (von Broembsen and 
Deacon, 1997).  This raises the possibility that manipulation of calcium in the external 
environment could be used as a management tool to reduce the pathogenicity of P. 
cinnamomi (see Chapters 7, 8 and 9).  
2.8.2  Increased levels of pyrophosphate induced by phosphite can also be 
caused by calcium 
Pyrophosphate levels in phosphite treated P. palmivora mycelia increased by 7-35 
fold (Griffith et al., 1990; Niere et al., 1994) and any proposed mechanism of 
phosphite action must incorporate a role for this dramatic change.  It was considered 
that phosphite could be inhibiting the activity of inorganic pyrophosphatase, the 
enzyme responsible for the phosphohydrolysis of pyrophosphate.  However, Martin 46 
et al. (1998) showed that the anions of phosphite and phosphate inhibited inorganic 
pyrophosphatase equally and concluded that the site of phosphite action was unlikely 
to be this enzyme.  Sysuev et al. (1978) found that pyrophosphatase from P. 
infestans was inhibited by Ca
2+ at concentrations ranging from 0.1 to 20 mM and was 
also decreased in the presence of the Ca
2+ transport inhibitor ruthenium red.  As Ca
2+ 
is chemically analogous to Mg
2+ it is not surprising that the presence calcium ions will 
affect the activity of enzymes that require Mg 
2+ for catalysis. The enzymic activity of 
all phosphatases can be inhibited by the presence of calcium ions (Baykov et al. 
(1978).  It has since been demonstrated that calcium is a powerful inhibitor of 
inorganic pyrophosphatase and Mg
2+ dependent phosphatases generally (Avaeva et 
al., 2000).  Additional support for the effect of calcium levels on the levels of 
pyrophosphate come from Davidson and Halestrap (1987) who found that 
pyrophosphate concentration in rat liver mitochondria were increased by 300% after 
incubation with sub-micromolar concentrations of calcium.   
As well as inhibiting the activity of Mg
2+- containing phosphatases, calcium also 
induces the activity of calcium dependent protein kinases (CDPK) which 
phosphorylate proteins downstream in signal transduction pathways. CDPKs are the 
effectors of calcium signaling and an alteration in the calcium signature of the cell 
can dramatically up or down-regulate kinases and phosphatase activity and hence 
alter the phosphorylation status of a number of proteins.  
2.8.3  The interaction between calcium and pyrophosphate 
Calcium ions are known to react with and precipitate pyrophosphate molecules 
(Merck Index, 1996). Given that there is a 35-fold increase in cytosolic 
pyrophosphate concentration in phosphite-treated mycelia it follows that calcium ions 
released into the cytoplasm from internal stores in response to signal transduction 
cascades may be sequestered by the high concentrations of pyro- and 
polyphosphates in the cytoplasm and that the calcium signal/signature necessary for 
downstream signaling will be distorted.  Aside from raising the interesting possibility 
that phosphite treated Phytophthora may be suffering from “pseudogout” (a build up 
of calcium pyrophosphate) this model for phosphite action may explain in simple 
terms all the observed effects of phosphite on the pathogen.  However, it is unlikely 
that phosphite will react with calcium and be sequestered as (insoluble) calcium 
phosphite complexes as in the cell cytosolic calcium ion concentration is highly 
regulated due to its propensity to react with phosphate.  If this were the case the 
protective effect phosphite would diminish rapidly overtime.  47 
2.8.4  Calcium signaling in plant defense 
Non-host plant defense is initiated by the recognition by the plant of pathogen 
molecular patterns (usually glycoproteins) at the cell surface (Dangle and Jones 
2006).  This results in a transient rise in cytosolic calcium concentration, the 
production of ROS, initiation of elicitor signaling pathways involving MAPK and 
MAPPs, culminating in the activation defense genes and their subsequent 
transcription and translation (Daxberger et al., 2007) (see section 2.5.3).  A cellulose 
binding elicitor lectin (CBEL) from P. parasitica induced necrosis in tobacco plants. 
The cellulose binding domains of CBEL interacted with cellulose in the plant cell wall 
and induced a bimodal transient rise in cytosolic calcium levels: the first peak 
occurred after 40 seconds followed by a second one at 3 minutes (Gaulin et al., 
2006).  
The concentration of cytosolic calcium ions has a dose dependent effect on the 
induction of phytoalexin biosynthesis in Avena sativa (Ishihara et al., 1996).  The 
requirement for calcium in phytoalexin induction by a P. megasperma fungal elicitor 
has also been demonstrated in soybean suspension cultures (Stab and Ebel, 1987).  
Both studies showed that inhibition of calcium entry into the cell prevented 
phytoalexin synthesis. Expression of a CDPK was shown to be induced by fungal 
elicitors in Arabidopsis indicating that calcium signaling is involved in innate plant 
immunity (Coca and Segundo, 2010).  Ca
2+ fluxes and protein phosphorylation are 
also required for the generation of hydrogen peroxide (H2O2) via the Ca
2+ dependent 
activation of NADPH oxidase where calcium influx is signal is amplified by H2O2 
production (Lecourieux et al., 2006).  The induction of systemic resistance to rust in 
Vicia faba caused by treatment of leaves with 10 mM phosphate could be abrogated, 
or reversed, by the application of 10 mM calcium nitrate (Walter and Murray, 1992). 
This suggests that coordinated phosphate and calcium signaling are required for a 
synchronized plant defense response.  
2.8.5  The connection between phosphate signaling, calcium signaling, PLD and 
ABA 
There is provision for considerable cross-talk between phosphate signaling (MAP 
kinase/ phosphatase cascades), calcium signaling, phospholipase D signaling and 
the abscisic acid signaling pathways, and there are likely to be many positive and 
negative feedback mechanisms that will be collectively responsible for the 
conveyance of the pathogenic/ defense signal in either host or pathogen.  These 48 
pathways, and some of their interconnections are represented schematically in 
Figure 2.2.    
PLD activity has been shown to be regulated by ABA which induces the closure of 
stomata in Vicia guard cells (Munnik, 2001) and drought tolerance in Arabidopsis is 
enhanced by over expression of a PLD gene (Peng et al., 2010).  In plants, but not 
Phytophthora spp. the activity of PLD is regulated (increased) by calcium binding to a 
C2 domain on the enzyme with an apparent dissociation constant of about 10 uM (El 
Kirat et al., 2002).   
 
 
 
Figure 2.2: Schematic representation of the interactions between phosphate signaling (black and 
green), calcium signaling (red) and phospholipase D activity (blue) signaling pathways in P. cinnamomi.  
See text for mechanistic details and abbreviations. 
 
ABA stimulates increases in cytoplasmic calcium levels in a variety of cell types 
(Leung et al., 1994).  In turn, ABA activity is modulated by a Ca
2+ responsive 
phosphatase (ABI1; a serine/threonine protein phosphatase 2C) and “functions to 49 
integrate ABA and Ca
2+ signals with phosphorylation-dependent response pathways” 
and is required for appropriate ABA responsiveness in plants (Leung et al., 1994; 
Meyer et al., 1994).  ABI1 activity can be inhibited by phosphatidic acid and 
exogenously applied phosphatidic acid mimicked ABA action in guard cells thus 
indicating a feedback loop between PLD activity and the action of ABA exists 
(Testerink and Munnik, 2005).   
ABA also activates a Ca
2+ calmodulin-stimulated kinase which is involved in plant 
defense (Xu, 2010).   The establishment of the PYR/PYL/RCAR-PP2C-SnRK2 
pathway of ABA signaling indicates that protein phosophrylation/ dephosphorylation 
is vital to ABA signaling (Umezawa, 2011).  Mitogen-activated protein kinase 
signaling cascades are interconnected with the pathways responsible for recognising  
PAMPS and eliciting changes in cytosolic calcium levels and initiating innate defense 
responses in plants (Gaulin et al., 2006).  Upregulation of a fungal-responsive MAPK 
cascade induced phytoalexin biosynthesis in A. thaliana, and mutants that were 
deficient in the MAPK pathway were unable to produce caramlexin when challenged 
with Botrytis cinerea (Ren et al., 2008), indicating that coordinated phosphate 
signaling is necessary for  plant defense.   
 
2.9   A conceptual model to account for the effects of phosphite on the 
phytopathogenicity of P. cinnamomi 
A biochemical model of how phosphite reduces the pathogenicity of P. cinnamomi 
towards susceptible plants must be able to account for the following observed 
phenomena: 
  Viable P. cinnamomi can be isolated from infected yet symptom-free plants 
that have been treated with phosphite (this thesis). This indicates that 
phosphite is not lethal to the pathogen and implies that phosphite either 
reduces the pathogen’s ability to infect plants, enhances the plant’s defense 
response, or a combination of both (Guest and Grant 1991). 
  The effects of phosphite persist for variable periods in different plant species. 
For example, infected avocado plants require injection with phosphite every 
3-6 months to control infection (Pegg et al., 1987), whereas Banksia and 
eucalyptus trees in native forests only require treatment every 2-4 years 
(Shearer et al., 2007).  50 
  The concentration of phosphite required to inhibit growth of Phytophthora spp. 
in vitro is significantly higher than the concentration required to control 
infection in planta (Saindrenan et al., 1988; Dunstan et al., 1990).   
  Resistance to phosphite is infrequent and not widespread as one would 
expect if phosphite were acting at a single site. Although there is a possibility 
that a mutation conferring phosphite resistance comes with a fitness penalty, 
one can infer that phosphite probably acting at multiple sites within the host-
pathogen pathosystem. 
  Phosphite-treated mycelia from P. palmivora show a 35-fold increase in 
cytosolic pyrophosphate concentration (Niere et al., 1994). 
  Phosphite application to Phytophthora causes an increase in the 
concentration of cytoscolic orthophosphate in phosphate starved mycelia 
(Griffith et al., 1993; Niere et al., 1994). 
  In plants phosphite application causes an increase in the biosynthesis and 
concentration of phytoalexins present in P. cinnamomi infected roots. This 
increase in flux via the phenyl propanoid pathway is accompanied by a 
reduction in flux via the terpenoid pathway (Nemestothy and Guest, 1990; 
Jackson et al., 2000). 
  Phosphite causes a decrease in the response time for ROS induction in 
Phytophthora challenged Xanthorrea australis (Daniel et al., 2005) and 
Lambertia species (Suddaby et al., 2008). 
In their 1991 paper on the complex action of phosphonates as antifungal agents 
Guest and Grant proposed that phosphonates reduce Phytophthora infection in 
plants by a combination of a direct fungi-static action on pathogen growth and 
indirectly by a stimulation of the plant defense system.  Changes in pathogen growth, 
sporulation, metabolism and either a reduction in the production of defense 
suppressor molecules, or an increase in the amount of elicitors then allows the plant 
host defense system to mount a more rapid and effective defense response (Guest 
and Grant, 1991). Stimulation of the plant defense system is thought to be an integral 
part of phosphite action as it explains why sub-inhibitory concentrations of phosphite 
were able to suppress infection in planta (Saindrenan et al., 1988; Dunstan et al., 
1990).  This explanation was needed as many of the early papers on the antifungal 
effect of phosphite assessed pathogen susceptibility on the basis of radial growth 
inhibition by phosphite (Coffey and Bower, 1984; Fenn and Coffey, 1989).  However, 
this model assumes a functional link between growth and virulence which had not 51 
been demonstrated.  It takes no account of the fact that sub-inhibitory concentrations 
of phosphite may perturb Phytophthora metabolism and pathogenicity without a pro 
rata effect on mycelial growth.  
This thesis puts forward a conceptual model to account for the action of phosphite on 
P. cinnamomi and presents evidence that no modification of the normal functioning of 
the plant defense system by phosphite is necessary to augment this effect.  
However, as phosphite clearly impacts on the induction of plant defense pathways, a 
model for how this could occur is also considered. 
2.9.1  Developing a biochemical model for the action of phosphite 
For the purposes of clarity the model is divided into 3 sections:  Primary (1
o), 
secondary (2
o) and tertiary (3
o) effects of phosphite on P. cinnamomi and plant 
metabolism and physiology and is represented diagrammatically in Figure 2.3. 
The primary effect of phosphite is due to the similarity of the phosphite anion to 
orthophosphate and the accumulation of physiological concentrations of phosphite 
within either the plant or pathogen.  This accumulation of phosphite causes 
perturbation of various enzyme activities and protein interactions (covered in section 
2.3.3) due to phosphite competeing with orthophosphate in the reactions and 
alteration of the metabolic steady-state.   At their most basic level the reactions most 
affected involve either phosphohydrolase or phosphotransferase activity, such as 
those involved in phosphatases and kinases.   
The secondary effects of phosphite arise due to alteration of the metabolic steady 
state.  The main secondary effect is considered to be, but not limited to, the 
accumulation of pyrophosphate in the cytosol (Niere et al., 1994).  This occurs as a 
consequence of inhibition of pyrophosphatase activity (Martin et al., 1998) and is 
caused by the accumulation of significant concentrations of unassociated phosphite 
due to its non-incorporation into the orthophosphate cycle (Niere et al., 1994, 
Carswell et al., 1996).  Changes in kinase and phosphatase activity resulting from 
substitution of phosphite for phosphate in the reactions will also occur and will cause 
an alteration in the steady state concentrations of various phosphorylated 
metabolites in Phytophthora (Niere et al., 1994) (Table 2.1). 
An idiosyncratic aspect of oomycete metabolism explains why this taxon is 
particularly vulnerable to the effects of phosphite. The lack of polyphosphate 
granules in Phytophthora spp. and other oomycetes (Chilvers et al., 1985) and the 52 
lack of polyphosphate kinases (Tyler et al., 2006) and polyphosphate phosphatases 
(Sysuev et al., 1978) mean that the presence of pyrophosphate in the cytosol is 
sustained and cumulative.   
 
Figure 2.3: Diagramatic representation of the biochemical model proposed to account  for the primary, 
secondary and tertiary effects of phosphite on Phytophthora cinnamomi and plant host species.  Phi = 
phosphite; PPi = pyrophosphate; PSR= phosphate starvation response; ABA = abscisic acid; ROS = 
reactive oxygen species; CaDPK = calcium dependent protein kinase; SA = salicylic acid. 
 
This high concentration of pyrophosphate (15 mM, calculated by Heinonen (2001) 
from the data of Niere et al. (1994)) will have direct effects on any enzymic reaction 
that forms or consumes pyrophosphate. These are the tertiary effects of phosphite.  
In an average cell it is estimated that over 100 such reactions exist and include 
reactions involved in the synthesis of RNA, DNA and reactions downstream of 
farnesyl pyrophosphate synthase (FPPS) in the terpenoid pathway (Heinonen, 2001) 
and any reaction that produces ADP such as ATPases.  Overall, the effects of a 
sustained increase in pyrophosphate in the cytosol and an alteration in the flux and 
distribution of phosphorylated compounds will cause a homeostatic response by the 
pathogen/plant to redress the steady state disturbed by phosphite.  
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A specific example of the effect of pyrophosphate is the biosynthesis of abscisic acid 
(ABA) via the terpenoid pathway which involves at least two sequential condensation 
reactions that each produce a molecule of pyrophosphate.  ABA is a signaling 
molecule that initiates exocytosis via activation of calcium channels and 
phospholipase D (itself a phosphatase) and also suppresses the salicyclic acid 
mediated plant defense response (Wasilewska et al., 2008). Inhibition of ABA 
biosynthesis (or the terpenoid pathway per se) in either pathogen or host would have 
pleotropic effects that are likely to favour the host plant and are considered to be 
tertiary effects of phosphite.  Another example is the perturbation of calcium signaling 
via disruption of the Ca
2+ dependent ATPases which in turn will alter coordinated 
Ca
2+-effector perception of calcium signatures generated in response to 
environmental cues related to pathogenicity.  These are discussed in detail in 
Chapters 7, 8 and 9.   
Many of the tertiary effects of phosphite are biochemical and precede the 
physiological effects that are often associated with phosphite treatment.  These 
physiological effects can be considered quaternary effects and, in either pathogen or 
host, include phosphate starvation, stunted growth and reduced reproductive 
capacity (Table 2.6).  
Overall, the application of phosphite, particularly to phosphate-limited organisms, will 
have the cumulative effect of decreasing the metabolic flux through all pathways 
involving phosphate to a point where equilibrium is eventually reached, and death 
occurs.  However, in open biological systems phosphite is rarely lethal and can be 
considered to exert its effects by retarding phosphate cycling specifically and cell 
metabolism generally.  
2.10  Aim of thesis 
This thesis aimed to formulate and test a biochemical model (Figure 2.3) that 
describes the action of phosphite on the phytopathogenicity of P. cinnamomi in 
susceptible host plants. As well as being able to explain observed data a theoretically 
robust model should be predictive.  It is hoped that the results of this thesis will lead 
to improved protocols for phosphite application that maximize its effect against 
Phytophthora dieback.  
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3 :   A direct chemical method for the 
rapid, sensitive and cost effective 
detection of phosphite in plant 
material 
3.1   Summary 
Phosphite is a systemic fungicide that is applied to plants to control the spread and 
impact of diseases caused by oomycete plant pathogens.  Tissue concentrations of 
phosphite above 1 mM are generally required for disease protection. Determining the 
concentration of phosphite in plant material requires extensive extraction and 
derivatisation procedures prior to separation by GLC.  This chapter describes a direct 
chemical method to estimate the concentration of phosphite using a silver nitrate 
reagent.   Glass fiber filter papers were saturated with a 1 M aqueous solution of 
silver nitrate (adjusted to pH 2.5 with nitric acid) and dried for two hours at 60
0C.  20 
µL of polyvinylpolypyrrolidone treated aqueous plant extract was adsorbed onto the 
filter paper and incubated in the dark at room temperature (25
0C) for one hour.  The 
presence of phosphite in the extract reduces the silver ions to elemental silver 
resulting in a grey-black precipitate that is clearly visible.  The method is rapid, 
sensitive and inexpensive, and can detect phosphite at concentrations of 1 mM in 20 
µl of aqueous extract from 100 mg of fresh plant material.   95% of the samples 
analysed by this method gave similar results to analysis by GLC, indicating that the 
method can be used in the field or the laboratory to determine uptake and distribution 
phosphite in the plant, the retention of phosphite over time and the timing of 
phosphite reapplication. 
3.2  Introduction 
Phosphite (Phi), also known as phosphonate, is a systemic fungicide used to control 
the spread and impact of diseases caused by oomycete plant pathogens, particularly 
within the genus Phytophthora {Hardy et al., 2001; Shearer, 2007).  In Australia, 
phosphite is marketed as Agrifos 600 (Bayer) and is used extensively to protect 
susceptible native and agricultural plant species (Hardy et al., 2001).  Phosphite or 
phosphonate derivatives such as ethyl-phosphite (Aliette) are increasingly being 
used to control oomycete diseases of horticultural crops including lettuce (Brown et 55 
al., 2003), avocado (Leonardi et al., 1999), apples (Long et al., 1989), cauliflower 
(McKay et al., 1992), potatoes (Miller et al., 2006), pepper (Sala et al., 2004), 
pumpkin and zucchini (Yandoc-Ables et al., 2007), bok-choy and cabbage (Abbasi et 
al., 2006).  
Phosphite is applied to plants in the form of a neutralized soluble potassium 
phosphite salt by foliar application, trunk injection or a soil drench (Hardy et al., 
2001). The use of phosphite for these applications leads to increased levels of 
phosphonates (phosphite esters) in the environment and in the tissues of plants and 
animals (White et al., 2007).  However, when applied at the recommended rates, 
phosphite is considered to be of low toxicity (Guest et al., 1995) and in some 
instances is said to have nutritional and developmental benefits in some agricultural 
plants (Rickard, 2000).   At the higher rates of application (which are generally not 
used) and under phosphate limiting conditions, phosphite may have general 
phytotoxic effects, such as leaf burn and exfoliation, as well as numerous adverse 
effects on metabolism.  For example, phosphite enhances programmed cell death in 
cell cultures of Brassica napus (Singh et al., 2003), at high concentrations can be 
toxic to non-pathogenic microorganisms (Hardy et al., 2001; Barrett et al., 2001) and 
it inhibits the synthesis of polyunsaturated long chain fatty acids in species of 
Phytophthora (Soulie et al., 1995).  It is therefore important to apply the minimum 
amount of phosphite necessary to avoid negative side effects, whilst maintaining 
sufficient phosphite in plant tissues to control disease symptoms and spread.   
Little is known about the cycling of phosphite in plants or in the environment.   In 
plants, phosphite is systemically translocated and follows a source-sink relationship 
between the various growing points such as roots, leaves or fruit (Guest, 1995; 
Danova-Alt et al., 2008).  However, it is not known how long it remains in the root 
tissue in different species, or the rate at which it is lost from the plant.  We do not 
know how phosphite accumulation or loss is affected by drought, fire or water 
logging.  The in planta concentration of phosphite needed to control Phytophthora 
diseases is also difficult to determine.  This is mainly due to the species-specific 
differences amongst plants and the sensitivities of various Phytophthora species to 
phosphite (Barrett et al., 2001), but also due to limitations imposed by the current 
methods for measuring phosphite (Roos et al., 1999).  These limitations include high 
cost, low throughput, use of toxic reagents and technical complexity (Fenn, 1989; 
Roos et al., 1999; Saindrenan et al., 1985).  All current methods are laboratory based 56 
and are not widely available.  This paper describes the development of a simple, 
inexpensive method for estimating phosphite concentration in plant tissues. 
3.2.1  Principle of the method 
The method relies on phosphite reducing silver ions (Ag 
2+) in the acidified silver 
nitrate solution to elemental silver (Ag
0) resulting in the production of a grey-black 
precipitate that is clearly visible.  In the process phosphite (3
+) is oxidized to 
phosphate (5
+).  The overall equation for the reaction is:  
AgNO3  +  HNO3  +  HPO3
2-  +  2H2O    Ag(s)  +  H2PO4
2-  +  2NO3
-
  +  H3O
+ 
All reactions were done in the dark at room temperature (20-25
0C).  The oxidation of 
phosphite to phosphate is a chemical ionization reaction, and not ultra violet or free 
radical dependent, so excluding light will not affect the reduction of silver by 
phosphite.  However, as most silver salts are light sensitive the presence of these 
compounds in the reaction mixture will cause the formation of dark precipitates that 
could be mistaken for elemental silver (Merck Index, 1996).  The reducing 
environment of normal healthy plant cells ensures that phosphite remains in the 3+ 
oxidation state in planta and is not oxidized to 5+ (Schafer and Buettner, 2001).    
Initially, the silver precipitate produced by phosphite is colloidal and red/brown in 
colour due to the Tyndall effect caused by the scattering of light by very small 
particles in suspension (Sienko and Plane, 1966) and is an indication of the assay’s 
sensitivity.  As the reaction proceeds the precipitate becomes grey-black, the 
intensity depending on the concentration of phosphite present.  Because the 
apparent colour development is colloidal, its concentration cannot be measured 
spectrophotometrically.      
3.3  Materials and methods 
3.3.1  Plant material 
A range of Australian native plant species, as well as several exotic species were 
used to assess the applicability of the silver stain in detecting phosphite in different 
plant tissues (Table 3.1).  Species were grown in pots in the glasshouse at 25
0C 
under natural light conditions and were either untreated (controls) or sprayed with 
0.3% (w/v) phosphite (see below). Leaves, and in some cases roots, were harvested 
for analysis. The additional species grown in the field (Table 3.1) were not treated 
with phosphite, but leaves were collected and extracted.  57 
3.3.2  Phosphite treatment of plants 
Glasshouse plants were sprayed to run off with a 0.3% aqueous solution of phosphite 
(Agrifos 600) containing 0.1% (by volume) BS1000
® (Cropcare, Australia) as a 
surfactant.  This concentration of phosphite is equivalent to 36.6 mM phosphite and 
compatible with the concentration of phosphite applied in the field to control 
Phytophthora diseases (Hardy et al., 2001).  Plants were left for 48 hours without 
watering.  Plant foliage and soil were then watered on alternate days, for one week 
until harvest.    
3.3.3  Extraction of phosphite from plant material 
Aqueous extracts of control (unsprayed) tissues and those from plants sprayed with 
0.3% phosphite were made by placing a known weight of fresh plant material 
(approximately one gram) into a small, strong, self-sealing plastic bag (Sandvik, 
Australia).  The bag was sealed, and hit with a rubber coated hammer on a smooth, 
hard surface until the plant material was finely macerated.   Two volumes (by weight) 
of deionised water was added to the macerated plant material, mixed thoroughly and 
incubated for 1 hour at room temperature (25
0C).  The supernatant containing 
phosphite was removed to a clean tube (this can be stored at -20
oC).  Phenolic 
compounds were removed by adding ½ volume (or 1:10 by weight) poly vinyl 
pyropyrolidine (PVPP) to the aqueous extract (Cullen and Hirsh, 1998), mixed and 
left for 30 minutes at room temperature (25
0C)  .  Samples were centrifuged at 5 K for 
4 minutes.  Alternatively, samples can be left overnight, or until the supernatant has 
cleared.  For each species, extracts from sprayed and control plants were made 
together with spiked samples (1 and 3 mM phosphite) from control plants, and 
replicated at least three times. 
3.3.4  Silver nitrate reagent 
Silver nitrate reagent was prepared by adding 5 mL of 1 M nitric acid to 100 mL 1 M 
silver nitrate solution.  The final pH of the solution was 2.5. The reagent can be 
stored for at least six months in a dark bottle at room temperature (25
0C).   
3.3.5  Silver nitrate saturated papers 
Glass fiber filter paper discs (0.5 cm, Whatman GF/B) were saturated with the 
acidified silver nitrate reagent and dried in the dark for approximately 2 hours at 
60
0C.  Dried, saturated discs were stored in a cool, dry, dark place for up to 6 
months.  20 µl (one drop) of PVPP treated aqueous plant extract was adsorbed onto 58 
the middle of a dried silver nitrate saturated disc, and incubated in a Petri dish in the 
dark at room temperature (25
0C) for one hour.  Phosphite in the plant samples was 
estimated by visual comparison with standards that had been prepared in the same 
way. 
3.3.6  Preparation of phosphite standards 
Standards were prepared either in deionised water, or by adding known 
concentrations of phosphite (0.3 – 10 mM) to samples of untreated control plant 
material of the species to be tested.  Macerated plant material was extracted in either 
2 x volume by weight of 0.5 mM or 1.5 mM phosphite in deionsed water to give 
phosphite standard extracts equivalent to plant material containing 1 mM and 3 mM 
phosphite, respectively.  Very little cell sap and cytoplasm was released during 
masceration.  Standards of plant extracts were treated with PVPP as described 
above.    
3.3.7  Detection of phosphite in Phytophthora cinnamomi mycelia 
Phytophthora cinnamomi (isolate MP 94.48) colonised GF/B filter paper discs were 
placed in 24-well microtitre plates and grown for 3 days in V8 medium (Ribeiro, 1978) 
containing phosphite at concentrations of 0, 1, 3 and 10 mM.  After 3 days growth at 
25
0C, V8 medium was completely removed from the wells and the remaining mycelia 
dried in situ for 24 hours at 60
oC.  The dehydrated mycelia was covered in the silver 
nitrate reagent (0.5 mL) and incubated for 2 hours in the dark at room temperature 
(25
0C). 
3.3.8  Detection of phosphite by Gas-Liquid Chromatography 
Stem samples were washed in a 1% solution of Deconex 15-E
® phosphate-free 
detergent (Borer Chemical Ltd Switzerland) and dried at 40 C for several days. An 
electric grinder with a 1-mm sieve was used to grind dried samples, the grinder being 
cleaned with compressed air and a fine brush between samples. One 2 g sample of 
ground material was placed in screw-cap containers and sent to the Western 
Australian State Chemistry Centre where phosphite was determined as the methyl 
ester by Gas-Liquid Chromatography (GLC) with flame photometry detection 
(Spadek, Western Australian State Chemistry Centre). Samples were analysed along 
with two control samples of known phosphite content per 50 samples. Concentrations 
were confirmed for 10-15% of samples by replicate analysis. The limit of detection 59 
was 0.1 g/g dry weight material (Spadek, Western Australian State Chemistry 
Centre). 
3.4  Results and Discussion 
3.4.1  The development of the silver stain is dependent on phosphite 
concentration  
The reduction of silver ions in the silver nitrate reagent, and the subsequent 
development of a grey–black precipitate, is dependent on the concentration of 
phosphite in the applied solution (Figure 3.1). This indicates that the acidified silver 
nitrate reagent can be used as an indicator for the presence of phosphite.   
 
 
     0               0.1           0.3           0.5           1.0             1.5          3.0            10 mM 
Figure 3.1   Series of phosphite standards (0 - 10 mM) in deionised water.  
Aqueous phosphite solution (20µL) was adsorbed onto dried silver nitrate 
reagent saturated Whatman GF/B disks and incubated in the dark for 1 
hour at room temperature (25
0C).   
 
The reaction between phosphite and excess silver nitrate was also found to be 
dependent on time and pH (data not shown).  However, there was no observable 
difference between aqueous phosphite standards incubated in the dark for one hour 
or 24 hours indicating that incubation at room temperature (25
0C) for one hour was 
sufficient for the detection of phosphite at concentrations of 0.3 -10 mM.  The 
optimum pH for the silver nitrate reagent was pH 2.5.  At higher pH, the reduced 
silver remained in solution and the precipitate produced by phosphite was less 
intense.   
Plant material may contain compounds that could interfere with the accurate 
detection of phosphite and are not removed by PVPP: for example, the chemical 
analogue orthophosphate, the commonly used herbicide glyphosate (glycine 
phosphonate) and the reducing agents glutathione, salicyclic acid and ascorbic acid.  
Addition of exogenous orthophosphate (100 mM) or glyphosate (100 mM) to aqueous 
standards of phosphite had no effect on the rate of reduction of silver nitrate, nor did 
the addition of glutathione (100 mM) or salicyclic acid (100 mM) (data not shown).   
The interaction between ascorbic acid and silver nitrate demonstrated that the 60 
presence of ascorbic acid at concentrations as low as 0.3 mM will reduce the silver 
nitrate reagent and would therefore  interfere with the colour development of the 
reaction (data not shown). The reducing (antioxidant) effect of ascorbic acid could be 
abrogated by the addition of an oxidizing agent, hydrogen peroxide (100 mM); 
however this concentration of hydrogen peroxide also severely affected the detection 
of phosphite below 30 mM.  
3.4.2  Detection of phosphite in plant tissue 
The silver nitrate reagent can be used to detect phosphite in leaves and roots of plant 
material sprayed with 0.3 % phosphite (equivalent 36.6 mM) (Table 3.1). The 
concentration of phosphite detected in the foliage of exotic and various Australian 
native plant species treated with phosphite ranged from 1 to 3 mM, and was 
detectable by the reagent in most plants species tested.  Extracts from untreated 
plants of Jacksonia sternbergiana, Lupinus angustifolius,  Pultenaea reticulata,  
Banksia grandis,  Beaufortia spp. and Arabidopsis thaliana showed negligible 
background staining with the silver reagent (Table 3.1, column A), whilst the same 
extracts spiked with 3 mM phosphite (column C) showed an intense staining reaction 
which could be clearly differentiated from the control extract.  The extraction 
procedure and staining method indicates that some variation in background staining 
occurs in different plant species.  However, provided the phosphite treated sample is 
compared to an untreated control sample of the same plant species and tissue, the 
presence of phosphite can be detected at concentrations of 1-3 mM in the majority of 
plants tested.  Where differences between phosphite treated and control samples is 
not apparent, a different part of the plant, for example roots, may be analysed.   This 
was the case with Eucalyptus gomphocephala and Persea americana.  Extracts of 
control leaves had a high background staining, whereas the background staining in 
root tips was low and enabled the detection of phosphite in E. gomphocephala at 
concentrations of about 3 mM in roots of plants in which shoots had been sprayed 
with 0.3% phosphite (Table 3.1, column D, E and F). 
In some cases, for instance P. reticulata and H. robustum, the extracts from plants 
sprayed with 0.3% phosphite (column D) gave an even more intense staining 
reaction compared to the 3 mM spiked extracts.  It is likely that leaf-burn, caused by 
the sensitivity of these plants to phosphite, resulted in tissue death before 
translocation of phosphite from the tissues occurred (Barrett et al., 2001).  This was 
confirmed by GLC phosphite analysis (Table 3.1, column F) indicating that significant 
quantities of phosphite (> 35 mM) remain bound-up in damaged leaf tissue.  61 
The leaves of native Australian plants are known to contain high levels of phenolic 
(flavonoid) and other antioxidant compounds (such as ascorbic acid) that may 
interfere with the detection of phosphite (Dixon and Pasinetti, 2010).  Extraction with 
PVPP effectively removed this background from most samples allowing the 
concentration of phosphite present in the material to be clearly seen and quantified 
against standards after 1 - 2 hours (data not shown).  Extracted samples that showed 
high background in the absence of phosphite, such as leaves of E. gomphocephala, 
H. robustum and P. americana, were not improved with double extraction with PVPP 
(data not shown).  Double extraction with PVPP did not reduce the amount of 
phosphite detected in treated samples indicating that PVPP did not affect phosphite 
extraction,  and that phosphite was not oxidized over the period of time (24 hours) 
taken to do the assay (data not shown). 
Aqueous standards of phosphite left in the dark for up to four days did not develop 
further than the colour that developed after two hours.  However, both control and 
phosphite treated extracts of plant material incubated in the dark with the silver 
nitrate reagent for 24 hours developed colour to the same degree and were 
indistinguishable from each other, indicating that PVPP does not remove all 
compounds in plant material capable of reducing silver (data not shown).  It is 
possible that the stain may be improved by separating the interfering compounds 
with activated charcoal, filtration or dialysis tubing.  However, thin layer 
chromatography foils did not remove background from recalcitrant samples such as 
E. gomphocephala extracts (data not shown).   62 
 
Plant species and material 
 
Plant extract standards 
       A               B             C 
Control       1 mM      3 mM  
                       Phi          Phi 
D 
0.3% 
phi  
spray  
E 
Estimated Phi 
concentration 
(mM) in 0.3% 
sprayed sample 
F 
  GLC phosphite analysis 
(mM) 
 
       Control               0.3% sprayed  
Jacksonia sternbergiana 
Leaf 
 
            
 
    na     
    na     
                           
               
     na      
 
    na       
 
 
 
1-3  
 
0.01 
 
1.94 
Lupinus angustifolius 
Leaf 
 
1-3  
 
0.004 
 
1.137 
Lupinus angustifolius 
Root 
 
< 1  
 
na 
 
na 
Pultenaea reticulata 
1 
Leaf 
 
> 3  
 
0.008 
 
35 
Adenanthos cygnorum 
Leaf 
 
1-3  
 
0.003 
 
2.1 
Banksia grandis 
2 
Leaf 
 
na 
 
na 
 
na 
Lambertia inermis 
Leaf 
 
> 3  
 
0.003 
 
3.15 
Beaufortia elegans 
Leaf 
 
< 1  
 
0.004 
 
0.318 
Beaufortia squarrosa 
Leaf 
 
< 1  
 
0.004 
 
0.38 
Eucalyptus gomphocephala 
Leaf 
 
< 1  
 
0.004 
 
0.621 
Eucalyptus gomphocephala 
Root 
 
1-3  
 
0.023 
 
0.683 
Hypocalymma robustum 
1 
Leaf 
 
> 3  
 
0.023 
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Persea americana 
2 
Leaf 
 
na 
 
na 
 
na 
Persea americana 
2 
Root 
 
na 
 
na 
 
na 
Arabidopsis thaliana 
Leaf 
 
>3 
 
na 
 
na 
Arabidopsis thaliana 
Root 
 
< 1 
 
na 
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Table 3.2  Detection of phosphite in plant tissues.  A. extracts from untreated control plants; B. 
extracts as in A but spiked with 1mM phosphite; C. extracts as in A but spiked with 3 mM phosphite; D. 
extracts from plants sprayed with 0.3% phosphite (equivalent to 36.6 mM phosphite) 1 week before 
analysis;  20 uL of plant extract was adsorbed onto a silver nitrate saturated disc and incubated for 1 
hour in the dark at room temperature (25
0C). E. Estimated phosphite concentration using the silver 
nitrate test, on material from phosphite sprayed (0.3%) plants;  F.  GLC phosphite analysis of plant 
extracts from plants sprayed with 0.3% phosphite and unsprayed controls.  All phosphite concentrations 
shown are mM.  
1 = severe leaf burn observed on foliage of phosphite sprayed plants, indicating 
phosphite accumulation.  
2 = Field grown plants. na = not analysed. 
 
 
3.4.3  Comparison of the silver nitrate method with Gas-Liquid Chromatography 
phosphite analysis 
The phosphite levels detected by the silver nitrate reagent were consistent with those 
detected by analysis on GLC (Table 3.1, column E), with 95% of the samples tested 
being within the phosphite concentration range estimated by the silver nitrate 
reagent.  The limit of detection of phosphite using GLC is 0.5 µg g
-1 fresh weight 
(equivalent to 6 µM) (Ouimette and Coffey, 1990), whereas the lower limit of 
phosphite detection using the silver nitrate method was 0.3 mM phosphite in 20 µL of 
aqueous solution (equivalent to 30 µg g
-1 fresh weight) (Figure 1). Interconversion of 
commonly used phosphite concentration units are given in Table 3.3. There is some 
debate as to the concentration of phosphite necessary in plant roots, leaves and 
stems to ensure protection from pathogenic attack by P. cinnamomi (Tynan et al., 
2001).  Although it is likely to vary between plant species, it is clear that the 1 mM to 
3 mM concentration of phosphite present in the leaves and roots of plants that have 
been treated with 0.3% solution of phosphite (a concentration frequently used in the 
field to protect horticultural and native plant species) is detectable by the silver nitrate 
reagent. This indicates that the method can be used to determine the phosphite-
status of treated plants in horticultural and natural ecosystems.   
% phosphite  mM  g / litre  µg / mL 
0.001  0.12  0.01  10 
0.01  1.2  0.1  100 
0.05  6.1  0.5  500 
0.1  12.2  1  1000 
0.25  30.5  2.5  2.5 mg / mL 
0.3  36.6  3  3 
0.5  61  5  5 
0.75  91.5  7.5  7.5 
1  122  10  10 
8  1 M  80  80 
Table 3.3  Interconversion of commonly used phosphite concentration units. Conversions are 
based on the assumption that 1g fresh weight plant material is equivalent to 1 mL, and 1 M of phosphite 
weighs 81 g. 
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Plants that have been treated with phosphite, by either trunk injection or foliar spray, 
have been shown to accumulate phosphite at concentrations of between 25 - 425 µg 
g
-1 dry weight (equivalent to aproximatley 0.3 – 6.0 mmol phosphite g
-1 dry weight) 
depending on the concentration of phosphite applied, length of time after spraying 
that the tissue is tested and the type of tissue being assayed (Fenn et al., 1989; 
Hardy et al., 2001; Pilbeam et al., 2000; Roos  et al., 1999; 9et al., 1988; van der 
Merwe et al.,1994; Fenn and Coffey, 1989;  Fairbanks et al., 2000).  In the present 
study, the concentration of phosphite in fresh leaves of L. inermis, J. sternbergiana, 
L. angustifolius and A. cygnorum after spraying with 0.3% phosphite was determined 
by the silver nitrate reagent to be between 1-3 mM, and was confirmed by GLC 
analysis.  GLC analysis also showed that the leaves of B. elegans and B. squarrosa 
that had been sprayed with phosphite did not contain the expected levels (1 – 3 mM) 
usually found in treated leaves, a fact that was in agreement with the levels 
determined by the silver nitrate reagent.   
3.4.4  Applicability of the method 
The silver nitrate reagent is straight forward and inexpensive to prepare, and 
saturated glass fiber papers onto which the samples are adsorbed can be stored in 
the dark for several weeks prior to use.  Sample preparation is minimal when 
compared to other methods used to detect phosphite (for example Roos et al., 1999).   
Phosphite is water soluble and providing an aqueous extract can be prepared, it 
should be possible to test for the presence of the anion in almost any aqueous 
medium derived from plants, animals and microorganisms, including Phytophthora 
species.   Providing a negative control is available for comparison, the simplicity and 
speed of the method enables it to be used to confirm the presence, or absence, of 
phosphite under “field” conditions.  A better estimate of the phosphite status can be 
obtained by comparing the sample with standards.  It was not possible to use the 
silver nitrate reagent to reliably detect phosphite in living tissues of L. angustifolius or 
P. cinnamomi as it is likely that silver ions were actively excluded by the membranes 
of viable cells during the incubation time of the experiment (24 hours) (data not 
shown).  However, L. angustifolius roots that had been macerated (Figure 3.2, A) and 
hyphae of P. cinnamomi that had been dehydrated (Figure 3.2, B), prior to 
submersion in the silver nitrate reagent and incubation in the dark for 1-2 hours, 
demonstrated that phosphite can be detected in whole tissue samples if the silver 
nitrate reagent is able to penetrate the cell, or phosphite is allowed to leak out.  65 
Being able to determine whether or not phosphite is present in different plant tissues 
is an integral part of any phosphite management strategy.  Previous work has shown 
that phosphite concentrations of 1-3 mM and higher are required to maintain 
resistance and protection against Phytophthora species, for example avocados (El-
Hamalawi and Menge, 1995) and Australian native plant species (Wilkinson et al., 
2001).  To maintain these levels, different plant species will require different 
frequencies of application as the persistence of phosphite within the plant will vary 
depending on a combination of factors such as metabolism, leaf drop, fruiting or seed 
fall, climate and soil conditions (Tynan et al., 2001). Translocation of phosphite within 
the plant will also vary according to species and is likely to be dependent on similar 
factors, as well as the time of the year that the plant is treated, and needs to be 
assessed on an individual species basis.  The silver nitrate detection method would 
be a useful tool to assist with decisions on the timing and frequency of phosphite 
application.   
 
Figure 3.3  A.  Roots of Lupinus angustifolius seedlings (100 mg) harvested from 10 day-old plants 48 
hours after spraying with 0.3% phosphite solution (left) and control unsprayed plants (right), were 
macerated and submerged in silver nitrate reagent (50 uL) and incubated for one hour at room 
temperature (25
0C).  B.  Phytophthora cinnamomi colonised discs grown in 24-well microtitre plates for 
3 days in V8 medium containing 0, 1, 3 and 10 mM phosphite.    
In conclusion, this paper describes a rapid, inexpensive and sensitive direct chemical 
detection method to estimate the amount of phosphite in plants. The phosphite 
detection limit of the reagent was 0.5 - 1 mM (depending on background staining) 
and phosphite could be detected in as little as 20 ul of aqueous extract from 100 mg 
of fresh plant material.  This is equivalent to 82 µg phosphite anion g
-1fresh weight or 
20 nmol phosphite per sample.   We anticipate that this test will provide farmers, land 
managers and conservationists with a quick and easy test to determine the timing of 66 
their phosphite applications.  The test may also be of interest to the food industry to 
test fruits, vegetables and nuts produced by plants that have been treated with, and 
suspected to contain residual phosphite, for instance avocados (Pegg et al., 1987) 
and apples (Malusa and Tosi, 2005).  The test would also be of use in plant 
nurseries, and research laboratories. 
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4 :   The interaction of phosphite and 
orthophosphate on the 
phytopathogenicity of 
Phytophthora cinnamomi 
4.1  Summary 
A bioassay between L. angustifolius and P. cinnamomi (MP94.48) was devised to 
test the effect of direct application of phosphite to the pathogen.  The ability of P. 
cinnamomi colonised discs to produce lesions on 5-day old lupin seedlings roots was 
significantly reduced when the discs were treated with 3 mM phosphite.  Lesion 
development was completely inhibited at phosphite concentrations of 10 mM, 
however the pathogen was viable and able to grow on Phytophthora selective 
medium. Increasing the amount of either orthophosphate or phosphite reduced the 
pathogenicity of P. cinnamomi MP94-48, and resulted in a decrease in the 
percentage of plants infected. The effectiveness of direct application of phosphite to 
the pathogen in reducing the development lesions on otherwise untreated lupin roots 
opens the way to investigate the effect of other chemicals on the pathogenicity of P. 
cinnamomi.   
4.2  Introduction 
Application of phosphite as a foliar spray, or by injection into the trunk protects the 
plant against infection (Hardy et al., 2001).  Within the plant, phosphite distribution 
follows a source: sink relationship and accumulates within growing tissues such as 
leaves and roots (Whiley et al., 1995).  Phosphite is presumed to exert its 
antipathogenic effect by either stimulating the plant defense system or inhibiting 
pathogen growth, or a combination of both (Guest and Grant, 1991).  The sensitivity 
of Phytophthora spp. and the “direct” effect of phosphite on the pathogen is 
determined by the ability of various concentrations of phosphite added to the growth 
media in vitro to inhibit either radial growth and/or dry weight of the resulting colony 
(Smillie et al., 1989; Wilkinson et al., 2001c).  However, assessment of the efficacy of 
phosphite to control pathogen growth in vitro may be misleading when compared to 
the effect that phosphite may be having on the ability of P. cinnamomi to infect plants 
under field conditions (Dunstan et al., 1990).  68 
No studies have examined how the application of phosphite to the pathogen prior to it 
coming into contact with the plant, influences its ability to infect and cause disease. I 
therefore decided to investigate the possibility that direct application of low 
concentrations of phosphite to P. cinnamomi cultures, prior to inoculation of the host 
plant, may reduce pathogenicity and consequently open a way to further investigate 
the effects of other chemicals on the pathogenic mechanism at a biochemical level.   
Pathogenicity has been defined as the ability of an organism to cause disease, and 
disease symptoms, in a susceptible plant host (Casadevall and Pirofski, 1999).  In 
the case of disease caused by P. cinnamomi, symptoms include the appearance of 
water soaked, necrotic lesions on the roots or stem (girdling), wilting or browning of 
leaves, or sudden death of the plant (Zentmyer, 1980).  This chapter aims to develop 
a simple yet robust pathosystem between a host plant and Phytophthora cinnamomi 
that can be used to investigate the effects of phosphite, orthophosphate and other 
chemicals, on the phytopathogenicity of P. cinnamomi.   
Initially, attempts were made to develop a pathosystem between the model plant 
Arabidopsis thaliana and P. cinnamomi.  From a molecular genetics stand point, A. 
thaliana would have been an ideal host as it has a small, fully sequenced genome, a 
dependable transformation system, a short life cycle, and a variety of commercially 
available mutants.  Twenty ecotypes of Arabidopsis were grown hydroponically and 
then exposed to zoospores from thirty isolates of P. cinnamomi and the development 
of symptoms was followed and assessed.  However, the resulting interaction 
between A. thaliana and P. cinnamomi was considered incompatible as lesions were 
not formed, indicating that Arabidopsis roots would not be suitable to study the effect 
of phosphite, and other chemicals, on the pathogenic processes of P. cinnamomi 
(Appendix A). 
A pathosystem and bioassay was subsequently developed between P. cinnamomi 
and five-day old Lupinus angustifolius to assess how the application of phosphite and 
other chemicals to the pathogen would affect its ability to infect seedling roots.  
Lupinus angustifolius is a susceptible host of P. cinnamomi (Dobrowolski et al., 2008) 
and can be easily grown and inoculated.  Infected plants can be clearly identified by 
brown necrotic lesions on roots while healthy roots are white.   Five experiments 
were conducted, all of which investigated an aspect of the effect of phosphite and 
orthophosphate on the growth and phytopathogenicity of P. cinnamomi.   Isolates of 
P. cinnamomi were screened for pathogenicity of lupin seedlings and susceptibility to 69 
phosphite, and the concentration of phosphite in foliar sprayed lupin roots was 
assessed. Other factors assessed were the length of time of incubation of the 
pathogen with phosphite, and the effect that this has on colony morphology, growth 
rate and pathogenicity of the isolate. The effect of the presence of different 
concentrations of orthophosphate was also examined.  
4.3  General materials and methods 
4.3.1  Chemicals  
Unless otherwise stated all chemicals were obtained from Sigma (Australia).  
Phosphite (1M) was prepared from either phosphorous acid neutralized with KOH to 
pH 7, or Agrifos 600 (Bayer) diluted with deionised water. Wetting agents were either 
Pulse® penetrant (Nufarm, Australia) or BS1000® (Cropcare, Australia) applied at a 
rate of 0.1%.  
4.3.2  Plant material  
Lupinus angustifolius (c.v. Mandalup) seeds were obtained from the Western 
Australian Department of Agriculture and Food.    
4.3.3  Growth conditions of plants 
Seeds of L. angustifolius were germinated overnight in deionised water (without 
surface sterilization or aeration) at 25
0C and then placed into germination rolls.  A 
layer of plastic backed paper bench coat, two paper hand towels, and 3 pieces of 130 
mm Whatman No 1 filter paper were laid on one half of an 80 x 30 cm sheet of plastic 
and soaked with deionised water.  Three to ten even sized two-day old L. 
angustifolius seedlings were placed 2 cm from the top of the filter paper, covered with 
the remaining plastic, and loosely rolled up. The roll was secured with tape and 
placed into a clean 200 mL container and deionised water was added to a depth of 2 
cms and topped up as necessary.  Rolls were placed under lights (150 µE) on a 16 
hr day cycle at 25
0C, and incubated for four to six days (Figure 4.1, A and B).  This 
method of growing plants is referred to as growth in inoculation rolls. 
4.3.4  Phythopthora cinnamomi  isolates  
Phytophthora cinnamomi isolates MP25, MP94.48, MP80 and MP62 (Centre for 
Phytophthora Science and Management culture collection at Murdoch University) 
were used.  Isolates were chosen because they varied in pathogenicity, growth rate 70 
and their sensitivity to phosphite (Wilkinson et al., 2001c).  To ensure pathogenicity 
prior to each  experiment, isolates were  passaged through apples (Granny Smith) 
(Ribeiro, 1978), then grown for ten days on V8 agar in 90 mm  Petri-dishes in the 
dark at 25
0C. 
4.3.5  Colonisation of discs 
Approximately 30 sterilised 0.5mm diameter discs of GF/B filter paper (Whatman) 
were placed aseptically and equidistant from a central inoculation point onto a 90 mm 
Petri-dish containing V8 agar (unless otherwise stated) to ensure even colonisation 
of P. cinnamomi (Figure 4.1, C).  Plates were incubated in the dark at 25
0C for ten 
days.  
4.3.6  Phosphite treatment of P. cinnamomi   
Phytophthora cinnamomi colonised discs were placed aseptically onto fresh V8 agar 
plates or onto sterile, empty Petri-dishes, depending on the incubation time and 
experiment being conducted.  Colonised discs were treated with phosphite as 
described under the individual experiments below.  Before applying the discs to 
inoculate the roots, any residual phosphite was removed by touching the disc to filter 
paper to remove excess liquid, immersing it into sterile deionised water (25
0C) for 
one minute and then again touching the disc to filter paper. Pathogen viability after 
treatment was checked by placing treated discs onto NARPH, a Phytophthora 
selective media (Huberli et al., 2000) and incubating in the dark at 25
oC for 24 or 48 
hours. 
4.3.7  Inoculation of plants 
Phytophthora colonised discs, control and phosphite treated discs were placed 
individually onto the root tips of five-day old L. angustifolius seedlings (see Figure 4.3 
as an example).  Inoculation points marked on the covering plastic sheet and the 
inoculation rolls were closed.  Rolls were returned to their containers and incubated 
as described under section 3.2.3. Lesion development was assessed as described in 
section 3.2.9.   
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Figure 4.1  Inoculation rolls for lupins, (A) open and (B) rolled up under lights; (C) placement GF/B 
discs and their colonisation by P. cinnamomi on a V8 agar Petri-dish. 
 
4.3.8  Reisolation of P. cinnamomi 
 At the end of each experiment the colonized discs that had been used to inoculate 
the plants were plated aseptically onto NARPH and incubated for 48 hours to confirm 
that P. cinnamomi was viable.  Sections of plant roots, 1 cm long cut from tip, were 
also plated onto NARPH to ensure disease symptoms were due to the presence of P. 
cinnamomi and not some other microbial contaminant. 
4.3.9  Assessment of lesion lengths and plant symptoms 
Measurements of lesion length and the growth of the root tip (root extension) below 
the point of inoculation were taken daily.  These parameters were chosen because 
lesion length is a direct measure of the disease producing potential of the pathogen, 
and extension of the root tip (i.e. root growth) is a measure of the combined effect of 
the pathogen and the chemical (in this instance phosphite) on the physiology of the 
plant.  At the end of the experiment, typically five to seven days post-inoculation, the 
height of each plant was measured.  
4.3.10 Testing for the presence of phosphite 
The silver nitrate reagent described in Chapter 3 was used to detect the presence of 
phosphite in the roots and to estimate its concentration.  
4.3.11 Statistical analysis 
Dependent variables were root growth below the point of inoculation, lesion length 
and number of infected plants.  Independent variables were treatments applied to P. 
cinnamomi colonised discs, for example phosphite.  Unless otherwise stated all 
methods of statistical analysis were performed using SPSS (SPSS, ver. 17).   A 72 
Pearson’s chi-square test of contingencies was used to assess whether two 
categorical variables are related in experiments involving non-parametric data. 
4.4  Experiment 4.1:  The susceptibility of L. angustifolius seedlings to 
infection by four isolates of P. cinnamomi 
This experiment aimed to determine which P. cinnamomi isolate would be the most 
suitable for use in the L. angustifolius: P. cinnamomi pathosystem.  Four isolates 
were chosen based on differences in their growth rate on V8 agar, pathogenicity on 
lupins and sensitivity to phosphite in vitro (Wilkinson et al., 2001c; D. White 
per.com.).  The criteria for selection of an appropriate isolate to be used in future 
experiments were the pathogenicity towards lupin seedlings and the sensitivity of the 
isolate to direct phosphite application.  
4.4.1  Materials and methods 
Uninoculated control and P. cinnamomi colonised discs of isolates MP62, 125, 80 
and 94.48 were prepared as described in sections 4.3.4 and 4.3.5.  Control and 
colonised discs of each isolate were treated with 20 µL of 0, 3, 10 or 30 mM 
phosphite solution and incubated on V8 agar for 18 hours at 25
0C. Lupin seedlings 
were grown as described under section 4.3.3, except that for the initial experiment 
each bag contained three seedlings, and there were five bags per treatment.  Plants 
were inoculated and symptoms assessed as described under sections 4.3.7 and 
4.3.9. Control discs that had not been colonised with the pathogen, but had been 
treated with one of the phosphite concentrations, were also used to sham inoculate 
lupin seedlings.  A repeat of the inoculation of lupin seedlings with discs that had 
been colonised with P. cinnamomi isolate MP94.48 and treated with phosphite was 
carried out using ten lupin seedlings per bag and two bags per treatment and 
phosphite concentrations of 0, 1, 3 and 10 mM.  
4.4.2  Results 
All four isolates were pathogenic to lupin seedlings resulting in brown necrotic lesions 
on the root extending from the point of inoculation.  Measurable lesions were evident 
48 h post-inoculation and continued to develop over 192 h.  Lesion development was 
always more extensive with isolate MP94-48 (Figure 4.2) producing lesions in 66% of 
plants inoculated with untreated (no phosphite) pathogen-colonised discs.  
Phytophthora cinnamomi isolates MP80, MP125 and MP62 produced lesions in 40%, 
33% and 13% of plants inoculated with untreated colonised discs, respectively.  No 73 
lesions were produced by any of these isolates when plants were inoculated with 
colonised discs that had been treated with 3 mM, 10 mM or 30 mM phosphite (data 
not shown).   
 
                      
Figure 4.2   Lesion development (cm) in 5 day old lupin seedling roots 0 – 8 days after inoculation with 
four isolates of Phytophthora cinnamomi colonised discs in the absence of phosphite.  
 
For each isolate there were 15 replicates and in only one case with isolate MP94-48 
was there any evidence of a small lesion after treatment with 3 mM phosphite.  No 
lesions were observed with higher concentrations of phosphite.  The average root 
growth (extension) (cm) below the point of inoculation 5-days post-inoculation 
increased with all isolates as the concentration of phosphite added to the colonised 
discs was increased, except isolate MP 62 (Table 4.1).  The root extension of plants 
that were sham inoculated with uncolonised, control discs treated with either 3, 10 or 
30 mM phosphite varied to within less than 10% of the untreated control.   
Phytophthora cinnamomi colonised discs of all isolates treated with 0, 3, 10 or 30 mM 
phosphite had viable growth when placed on V8 agar at 25
0C for 48 hours.  At the 
end of the experiment untreated control colonised discs of each isolate were placed 
onto NARPH and P. cinnamomi was recovered in all instances, including those 
treated with phosphite.  
 74 
Table 4.1.  The average root extension (mm) below the point of inoculation with control uncolonised 
discs and P. cinnamomi discs colonised with isolates MP 94.48, 125, 80 and 62,  and treated with 20 µL 
of phosphite solution at concentrations of 0, 3, 10 and 30 mM, measured at six days post-inoculation.  
Standard error from the mean shown in brackets. 
 
 
 
Phosphite 
treatment 
Average root growth below inoculation point (mm) with 
different isolates 
Uninoculated  MP 94.48  MP 125  MP 80  MP 62 
Control (+ve)  10.2 (0.86)  4.7 (0.93)  6.8 (1.23)  7.5 (1.02)  8.7 (0.74) 
3 mM phosphite  10.4 (0.61)  9.7 (0.99)  9.9 (0.99)  9.0 (0.46)  8.16 (0.70) 
10 mM phosphite  10.9 (0.48)  9.0 (0.30)  9.3 (0.62)  9.0 (0.36)  8.4 (0.49) 
30 mM phosphite  11.7 (0.64)  9.6 (0.68)  10.4 (0.34)  9.5 (0.35)  7.0 (0.76) 
 
A repeat of the experiment using isolate MP 94.48, and including 1 mM phosphite in 
addition to the 3 and 10 mM treatments, resulted in a clear concentration dependent 
reduction in the number of plants infected by the pathogen as the amount of 
phosphite used to treat the pathogen increased (Figure 4.3). Plants that had been 
inoculated with colonised discs that had been treated with 3 and 10 mM phosphite 
were larger, greener and more robust than plants inoculated with discs that had been 
treated with either no phosphite or 1 mM phosphite (Figure 4.3).    
4.4.3   Discussion 
Both lesion development, and root extension below the point of inoculation, 
correlated with the degree of pathogenicity of the isolates (Figure 4.2, Table 4.1).   
Isolate MP 94.48 produced large lesions on lupin seedling roots within 6 days and its 
pathogenicity could be controlled on treatment with 3 mM phosphite. Phytophthora 
cinnamomi isolate MP94-48 was therefore shown to be the most suitable isolate to 
use in future experiments investigating the effect of phosphite and other chemicals 
on the phytopathogenicity of this organism.  Although the application of discs that 
had been treated with phosphite 3 mM and above inhibited pathogenicity in all 
isolates, these concentrations of phosphite did not affect the ability of lupin roots to 
grow normally, indicating that in the absence of pathogen the residual phosphite on 
the inoculation disc had a minimal effect on root tip growth.                         75 
         
 
Figure 4.3   Lupinus angustifolius seedlings in open inoculation rolls 5 days after inoculation with P. 
cinnamomi MP94-48 colonised discs treated with (A) 0, (B) 1 mM, (C) 3 mM, and (D) 10 mM phosphite.  
Lesion development, inoculation disc and root growth below the point of inoculation are indicated. 
 
4.5  Experiment 4.2:  Does the application of foliar phosphite to lupin 
seedlings cause an increase in the concentration of phosphite in the 
roots, and is this increase associated with a decrease in the ability of P. 
cinnamomi to cause necrosis? 
The experiment aimed to test whether lupin seedlings sprayed with phosphite were 
more resistant to infection and lesion development by P. cinnamomi (isolate MP 
94.48) than unsprayed, inoculated controls. This experiment also tested links 
between phosphite concentration in roots after spraying and the direct effect of this 
concentration on reducing the pathogenicity of P. cinnamomi.  
4.5.1  Materials and methods 
The foliage of two week-old lupin seedlings in rolls, 2 rolls each with 10 lupins 
(section 4.3.3) was sprayed, with a hand-held spray bottle set on fine mist, to run-off 
with 0.5% solution of phosphite (Agrifos 600, Bayer) in deionised water containing 
0.1% BS1000 as a surfactant.  This percentage of phosphite is equivalent to 61 mM, 76 
or 5 mg mL
-1.  Care was taken to avoid phosphite coming into contact with the roots 
by placing plants horizontally and hand spraying.  Controls were sprayed with 
deionised water containg 0.1% BS1000. Two days after spraying, root tips of plants 
were inoculated with P. cinnamomi isolate MP94-48 colonised discs.  The 
development of lesions and root growth below the point of inoculation was recorded 
daily for five days post-inoculation.  The experiment was repeated once.  The roots of 
plants that had been sprayed with phosphite were macerated with the silver nitrate 
reagent (as described in Chapter 3) and compared with standards to determine the 
approximate concentration of phosphite present at the time of inoculation with P. 
cinnamomi MP 94.48. 
4.5.2  Results 
Plants that had been sprayed with 0.5% phosphite and inoculated with P. cinnamomi 
MP94-48 showed a complete absence of lesion development.  In contrast lesions 
developed in 60% of the roots of unsprayed plants that had been inoculated.  Root 
growth below the point of inoculation was completely absent in all phosphite sprayed 
plants, whether they were inoculated with P. cinnamomi or control discs, whereas 
average root growth for sham inoculated, unsprayed control plants was 8.4 mm.  
Roots of plants that had been sprayed with 0.5% phosphite were shown to contain 
between 1 and 3 mM phosphite 48 hours after spraying (Figure 4.4).  
                 
Figure 4.4 . Macerated lupin roots stained with 50-100 µL silver nitrate reagent for 30 minutes at room 
temperature (25
0C). Left = phosphite standards as marked. Right = roots of control and 0.5% phosphite 
sprayed plants 
 
4.5.3  Discussion 
Sprayed inoculated plants were resistant to P. cinnamomi MP94-48 and the 
presence of at least 1 – 3 mM phosphite could be confirmed in roots of lupin 
seedlings 48 hours after foliar spraying.  When considered together with the results 
of section 4.3 this demonstrates that the concentration of phosphite found in roots is 
sufficient to affect the phytopathogenicity of P. cinnamomi without necessarily 
involving plant defense.  All plants sprayed with 0.5% phosphite, including sham 77 
inoculated controls, showed no root growth below the point of inoculation, and may 
be due to the older age of the seedlings at inoculation (2 weeks instead of 5 days, as 
was the case with plants used in section 4.3 that were inoculated with phosphite 
treated colonised discs) as leaf mass was needed to absorb the foliar phosphite. 
Other experiments have noted the lack of root extension (growth) in phosphite 
treated plants.  Barrett et al. (2001) and Wilkinson et al. (2001a) have shown that 
phosphite application in the presence of a surfactant has a negative effect on many 
aspects of plant growth, including roots.   
 
4.6  Experiment 4.3:  Assessment of the rate of phosphite uptake by P. 
cinnamomi  
This experiment aimed to determine how long the pathogen must incubate (be in 
contact) with phosphite to cause a quantifiable reduction in the number and length of 
necrotic lesions on the roots of lupin seedlings.  
4.6.1  Materials and methods 
Lupin seedlings were grown, and discs were colonised with P. cinnamomi isolate 
MP94-48 as described previously.   Five-day old lupin roots were inoculated with 
colonised discs of P. cinnamomi MP94-48 1, 6 or 24 hours after discs had been 
treated with 20 µl of 0, 3 or 10 mM phosphite. Residual phosphite was removed from 
the discs as described previously. The development of lesions, and root growth 
below the point of inoculation, was recorded daily for five days post-inoculation.  
4.6.2  Results 
Phosphite was taken up by P. cinnamomi MP94-48 and had a measurable effect on 
pathogenicity after one hour incubation, at all concentrations of phosphite (Table 
4.2).  The chi-square test was statistically significant X
2 (9, N = 101) 35.20, p < 0.001 
indicating a difference in frequencies between groups.  Application of phosphite to P. 
cinnamomi colonised discs had the greatest effect in terms of reducing lesions on 
lupin roots when applied at concentrations of 3 mM and above, and incubated for a 
period of between 1 to 6 hours.  Root extension below the point of inoculation 
generally increased with the amount of phosphite applied to the disc and the length 
of incubation (data not shown).  The pathogen grew out from all discs that had been 
colonised with MP94-48, incubated with 0, 1, 3 and 10 mM concentrations phosphite 78 
for 1, 6 and 24 hours, then plated onto V8 agar (Figure 4.5).  Growth of the pathogen 
was reduced as the incubation time and concentration of phosphite increased.  
Table 4.2.   Percentage of L.angustifolius seedlings developing necrotic lesions six days after root 
inoculation with P. cinnamomi MP94-48 colonised discs that had been incubated with phosphite at 
concentrations of 0, 1, 3 or 10 mM for either 1, 6 or 24 hours at 25
0C.  Each treatment contained twenty 
plants. 
 
 
 
 
Figure 4.5.  Growth of P. cinnamomi MP94-48 colonised discs treated with 0, 1, 3 or 10 mM phosphite 
solution , incubated for 1, 6 or 24 hours then plated onto NARPH. Column A =  1 hour incubation with 0, 
1, 3 and 10 mM phosphite (top to bottom); Column B = 6 hour incubation with 0, 1, 3 and 10 mM 
phosphite; Column C = 24 hour incubation with 1 and 10 mM phosphite.   
 
4.6.3  Discussion 
Phosphite is taken up rapidly by the pathogen and has a concentration dependent 
effect on pathogenicity of the isolate after one hour incubation.  Longer incubation of 
the colonised discs with the phosphite solutions did not necessarily result in a 
decrease in the number of plants infected, and in the case of the 3 mM phosphite 
treated discs that had been incubated for six hours, the number of plants with lesions 
  Seedlings with lesions (%) 
  Phosphite concentration (mM) 
Incubation time (hrs)  0  1  3  10 
1  70 %   60 %   10 %   0 %  
6  90 %   50 %   40 %   5 %  
24  85 %   70 %   15 %   0 %  79 
increased. This could be due to increased growth of the pathogen, or degradation 
(oxidation) of phosphite to orthophosphate during the course of the experiment, 
although this is unlikely.  Reduced growth of the pathogen on V8 agar from discs that 
had been treated and incubated with increasing phosphite concentrations, 
corresponded with the reduction in pathogenicity of the isolate on lupin seedlings.  
Root growth below the point of inoculation was not a reliable parameter of 
pathogenicity in this experiment possibly due to the difficulty of inoculating all plants 
at precisely the same time when a large number of plants are involved. The results of 
this experiment suggest that the incubation period should not extend beyond six 
hours as the metabolic activity of the pathogen and possible contamination of the 
incubation medium may alter both the rates of phosphite uptake and the absolute 
amounts of available phosphite.  Therefore, in future experiments, the incubation of 
P. cinnamomi colonised discs with phosphite in combination with other chemicals 
was confined to 2-6 hours. 
4.7  Experiment 4.4:  The effect of phosphite and orthophosphate 
concentrations on the growth rate and colony morphology of P. 
cinnamomi in vitro. 
The concentration of orthophosphate in the growth medium has been shown to affect 
the toxicity of phosphite in P. palmivora as determined by mycelium mass (Griffith et 
al., 1993).  McCarren (2005) showed that the absolute concentrations of 
orthophosphate and phosphite, as well as their concentration ratios, affect the growth 
rate and colony morphology of P. cinnamomi grown on modified Ribeiro’s medium.  
She also showed that on agar containing phosphate (7.35 mM), and phosphite 
concentrations between 0.5 and 1.2 mM, growth switched from dense to sparse after 
about 14 days.  The following experiment aimed to use the parameters of hyphal and 
colony morphology, and radial growth rate to assess the effect of increasing 
phosphite as well as orthophosphate concentrations on P. cinnamomi.  Ultimately it 
would be informative to know why a morphological switch occurs, and whether it can 
be related to the pathogenicity of the isolate.   
4.7.1  Materials and methods 
The V8 medium was analysed for phosphorus content (Marine and Freshwater 
Research Laboratory,   Murdoch University) and found to contain 0.5 mM phosphate.  
Sterile stock solutions of potassium phosphite (KOH neutralized phosphorous acid) 
and potassium phosphate were added to the V8 medium prior to dispensing 80 
approximately 20 mL of medium into 90 mm Petri dishes. There were five phosphite 
treatments of 0, 0.3, 1, 3 and 10 mM in combination with three orthophosphate 
treatments of 0.5, 1.5 and 10.5 mM, each with 3 replicates.  Plates were inoculated 
by placing a plug of P. cinnamomi MP94-48 into the centre of the plate and 
incubating at in the dark at 25
0C for 39 days. Radial colony growth (two 
perpendicular measurements of colony diameter per plate) and macroscopic hyphal 
morphology was scored regularly, viz the presence of aerial mycelia, whether the 
colony was densely packed, loosely packed or sparse, and whether the edges of the 
colony were even or uneven.  At the end of the experiment the hyphae on the plate 
were examined microscopically.  The experiment was repeated once with similar 
results.    
4.7.2  Results 
The growth rate of P. cinnamomi MP94-48 on V8 agar at 0.5, 1.5 or 10.5 mM 
orthophosphate was reduced as the phosphite concentration increased, with the 
greatest impact being on the growth rate and final diameter of the colonies grown for 
39 days on 0.5 mM orthophosphate (Figure 4.6).  The growth rates of colonies with 0, 
0.3, 1, 3 or 10 mM phosphite and 1.5 mM orthophosphate were comparable with the 
growth rates of the same colonies on 10.5 mM orthophosphate.  Addition of 10 mM 
phosphite in combination with either of the orthophosphate concentrations had the 
most dramatic effect on colony growth rate.  In these treatments, initial rates of 
growth on all phosphate concentrations were slow, increasing gradually around days 
20 –  30, to a steady rate of growth that was constant, lower than all the other growth 
rates, and identical in all of the three 10 mM phosphite and orthophosphate 
combinations. 
Microscopic examination showed that once the colonies had stopped growing the 
hyphae began to die, as was evidenced by detachment of the cytoplasm from the cell 
wall, as was seen at x 200 magnification (data not shown).  Microscopic examination 
of the “switch point”, i.e. when colony morphology changed from dense to sparse, 
clearly showed a difference in hyphal morphology that accompanied the change in 
colony appearance at a macro level, i.e. hyphae became less coralloid and were 
longer and straighter.    
4.7.3  Discussion 
The effect of phosphite and orthophosphate concentration on the colony morphology 
of P. cinnamomi was noticeable once the concentration of phosphate in the media 81 
reached 1.5 mM.  The general trend was that, as well as reducing the rate of growth, 
increasing the phosphite concentration caused an alteration in colony morphology 
and a dramatic reduction in aerial mycelia.  These effects are somewhat mitigated by 
increasing the orthophosphate concentration.  A sudden switch in the colony 
morphology, from dense, coralloid and highly packed to sparse and straight, occurred 
predominantly in plates containing phosphite concentrations above 3 mM.   
Categorical interpretation of these results in isolation is difficult, but when analysed in 
conjunction with results of other experiments it could be speculated that the 
differences in the high and low affinity phosphate up-take mechanisms, combined 
with the effect that phosphite will have on the cell’s perception of its phosphate status 
viz inhibition of the phosphate starvation response are responsible for the effects.  
Due to its chemical similarity to orthophosphate, phosphite will compete for binding 
sites on enzymes that use orthophosphate as a substrate (or product) and this form 
of competitive enzyme inhibition will likely extend to the high and low affinity 
phosphate transport molecules responsible for the uptake of orthophosphate and 
may be responsible for the effects seen here. The relationship between colony 
morphology and the total amount of phosphorus (i.e. the combined phosphite and 
orthophosphate concentrations) needs further investigation.  Whether the 
pathogenicity of the isolate increased or decreased specifically with altered colony 
morphology was not investigated as too many variables were present.  For example, 
the similarity of the growth rates of the 10 mM phosphite-treated cultures grown on 
0.5, 1.5 or 10.5 mM orthophosphate (slope of extrapolated red lines) after 30 days 
suggest relief of inhibitory effect of phosphite is occurring.  This may be due to the 
phosphite in the agar may be being oxidized to phosphate by the air, or converted 
enzymatically or chemically by the isolate, or the uptake of phosphite may be being 
actively or passively prevented (excluded) by the isolate.  
The results from this experiment show that increasing orthophosphate concentration 
can mitigate some of the effects of phosphite, and whether these effects are related 
to the infection process, is examined in the next experiment.  82 
 
 
 
Figure 4.5.  Radial diameter of colony (mm) 0 – 39 days after inoculation of plates with P. cinnamomi  MP94-48.  
Colonies were grown on V8 agar containing (A) 0.5, (B) 1.5 and (C)10.5 mM phosphate, combined with 
phosphite at concentrations of 0(      ), 0.3 (      ), 1 ( X ), 3 (     )  and 10 mM (     ). 83 
4.8  Experiment 4.5:  The ability of P. cinnamomi to infect L. angustifolius seedlings 
in the presence of different combinations of phosphite and orthophosphate 
The presence of orthophosphate in the culture medium may restrict the entry of phosphite 
into the cell and hence its accumulation in the mycelium of P. palmivora (Griffiths et al., 
1989).  Whether or not the orthophosphate content of plants also affects the ability of 
Phytophthora species to cause disease in plants that have been treated with phosphite, is 
still debatable (Cohen and Coffey, 1986).  The following experiment aims to investigate how 
the orthophosphate concentration of P. cinnamomi culture medium interferes with the effect 
that phosphite has on the phytopathogenicity of the isolate towards lupin seedlings.   
4.8.1  Materials and methods 
Lupin seedlings were germinated and grown in inoculation rolls (Section 4.3.3) and discs 
were colonised with P. cinnamomi MP94-48 grown for 10 days on Ribeiro’s reduced 
phosphate medium (1 mM) (Appendix B).  Phytophthora cinnamomi colonised discs were 
incubated for between 2 and 4 hours with each combination of phosphite at concentrations 
of 0, 1, 3, or 10 mM and orthophosphate at concentrations of 0, 3, 10, 30 or 100 mM.  The 
root tips of 5-day old L. angustifolius seedlings were inoculated with the colonised treated 
discs.  Two inoculation rolls containing 10 plants each were inoculated with each treatment 
combination. Lesion length and root growth below the point of inoculation was recorded 
daily.  Replicate discs of each treatment were plated out onto NARPH and incubated for 48 
hours at 25
0C to ensure viability.  This experiment was not repeated. 
4.8.2  Results 
Increasing the concentration of phosphite in the pre-inoculation treatment of P. cinnamomi 
colonised discs reduced the number of seedlings with lesions (Table 4.3.) and also the mean 
lesion size.  Increasing orthophosphate concentrations above 10 mM, in combination with 
increasing phosphite concentration, also reduced the percentage of plants developing 
lesions. Orthophosphate concentrations of between 3 – 10 mM, in combination with 1 mM 
phosphite did not reduce the extent of lesion development.  The development of lesions in 
plants inoculated with discs treated with 3 and 10 mM phosphite and concentrations of 
orthophosphate above 10 mM was reduced when compared to plants inoculated with discs 
that had been treated with phosphite only (Figure 4.7).  All treated isolates grew when 
placed on V8 agar.  The amount of mycelium produced after 48 hours increased with 
increasing orthophosphate concentration, and decreased with increasing phosphite (Figure 
4.8).  Root extension below the point of inoculation generally followed the trend of increasing 
with both phosphite and orthophosphate concentration (Table 4.4).  84 
Table 4.3   Percentage of L.angustifolius seedlings developing lesions five-days after root inoculation with P. 
cinnamomi MP 94.48 colonised discs that had been incubated for between 2 to 4 hours with phosphite at 
concentrations of 0, 1, 3 or 10 mM in combination with orthophosphate at concentrations of 0, 3, 10, 30 and100 
mM in addition to the1 mM phosphate of the original Ribeiro’s low phosphate medium.  Each treatment contained 
20 plants.  
 
 
 
 
 
 
 
Table 4.4.   Mean root extension (mm) below point of inoculation 5 days after root inoculation with P. cinnamomi 
MP 94.48 colonised discs that had been incubated for between 2 to 4 hours with combinations of phosphite at 
concentrations of 0, 1, 3 or 10 mM and orthophosphate at concentrations of 0, 3, 10, 30 and100 mM. Results are 
an average of 20 measurements and are rounded to the nearest mm.  Each treatment contained 20 plants. 
 
 
 
 
 
  Phosphite (mM) 
Orthophosphate (mM)  0  1  3  10 
0  55 %   45 %   30 %  0  
3  65 %   55 %   35 %   15 %  
10  60 %   60 %   20 %   0  
30  35 %   30 %   5 %  5 %  
100  70 %   10 %   10 %   5 %  
  Phosphite (mM) 
Orthophosphate (mM)  0  1  3  10 
  root extension (mm) 
0  12  13  10  17 
3  11  13  14  15 
10  10  15  23  14 
30  19  14  18  15 
100  9  24  19  20 85 
 
Figure 4.7    Mean progressive lesion length (mm) on L. angustifolius seedlings 0 -  6 days post inoculation with P. cinnamomi isolate MP94-48 colonised discs treated with 
combinations of phosphite at concentrations of 0, 1, 3 or 10 mM and orthophosphate at concentration of 0, 3, 10, 30 and100 mM, for between 2 – 4 hours. Results are the 
average of 2 inoculation rolls containing 10 seedlings each.86 
 
Figure 4.8. Phytophthora cinnamomi isolate MP94-48 colonised discs that had been incubated for up to 
4 hours with combinations of phosphite at concentrations of 0, 1, 3 or 10 mM and orthophosphate at 
concentration of 0, 3, 10, 30 and100 mM, for between 2 – 4 hours and then placed onto a V8 agar 9mm 
plate and grown for 48 hours at 25
0C. 
 
4.8.3  Discussion 
Increasing the amount of either orthophosphate or phosphite reduced the 
pathogenicity of P. cinnamomi MP94-48, and resulted in a decrease in the 
percentage of plants infected by the pathogen.  Phosphate alone had little or no 
effect on pathogenicity, unless it stimulated it (Table 4.3). Increasing root extension 
could also be equated with decreasing pathogenicity (Tables 4.3 and 4.4).   However, 
in vitro increasing phosphate concentration in the presence of phosphite increased 
the growth rate of the pathogen (Figure 4.8) without a concomitant increase in the 
ability of the pathogen to produce water-soaked necrotic lesions on lupin roots 
(Figure 4.7).  In fact in lupins, concentrations of orthophosphate above 10 mM, in 
most instances, appeared to enhance the effect of phosphite in reducing the mean 
progressive lesion length and increasing the root extension below the point of 
inoculation (Table 4.4).  These results are in agreement with the observations of 
Dolan and Coffey (1988) who found that increasing orthophosphate concentrations 
increased the fungitoxicity of phosphite in the plant-pathogen situation. The results 
presented here also highlight the fact that to equate pathogen growth with virulence 
may be erroneous. This is particularly so when the concentrations of phosphate are 
high i.e. above 10 mM.     
Phosphite and orthophosphate compete for the same uptake mechanism (Barchietto 
et al., 1988).  In the above experiment, all cultures were initially grown on a low 87 
phosphate medium (one mM) and the subsequent treatments will have an impact 
due to the different rates of phosphite and orthophosphate uptake by the organism. 
In order to see the true impact of phosphite and orthophosphate on the pathogenicity 
of P. cinnamomi the pathogen needs to be grown on a defined medium containing a 
range of concentrations of orthophosphate and then treated with phosphite 
separately. In this way the effect of competitive uptake would be eliminated. 
However, the centrality of phosphate metabolism, and the likely pleiotropic effects of 
phosphite, as well as the complexity associated with disentangling the two at a 
biochemical level, preclude any conclusion as to the mechanism of action of 
phosphite at this point.   
4.9  General discussion and conclusions 
Comparisons of infection rates after direct application of phosphite to P. cinnamomi 
colonised discs with infection rates of phosphite sprayed L. angustifolius 
demonstrated that both methods of phosphite treatment reduced lesion development.  
This is the first study to examine this comparison in detail. The concentration of 
phosphite in the roots of lupins 48 hours after spraying with 0.5 % (61 mM) phosphite 
was between 1 and 3 mM phosphite.  This is similar to the concentration found in 
previous studies for, example Pilbeam et al., (2000) and Fairbanks et al., (2000).  
Direct application of 1 – 10 mM phosphite to P. cinnamomi colonised discs inhibited 
lesion development in a concentration dependent way.  This implies that in planta 
concentration of phosphite may have a direct inhibitory effect on the pathogenicity of 
Phytophthora spp. and that phosphite-mediated enhancement (stimulation) of plant 
host defenses may not be essential to control infection or mediate resistance.   
The combined results of the experiments in this chapter show that, under conditions 
of low orthophosphate (0.5 - 1 mM), added phosphite (3 mM) has only a small 
negative effect on growth of the pathogen, but completely inhibits pathogenicity as 
determined by the absence of necrotic lesions on  roots of L. angustifolius.    
However, the interaction between phosphite and orthophosphate is complex.  Higher 
concentration of orthophosphate gives outcomes between the pathogen and host 
that are counter-intuitive.  For instance, it would have been expected that because 
orthophosphate increases pathogen growth in vitro, it would also lead to an increase 
in the pathogenicity of P. cinnamomi colonised discs, particularly if pathogen growth 
rate and pathogenicity are causally linked.  However, in the presence of phosphite, 
the opposite occurs and increasing orthophosphate concentrations does not appear 88 
to reduce the ability of phosphite to reduce the pathogenicity of P. cinnamomi when it 
is applied directly to the pathogen in vitro.  The addition of orthophosphate increases 
the toxicity of phosphite considerably. This result is in conflict with the general 
consensus that phosphite is less effective on plants that are phosphate sufficient, but 
is in agreement with the observations of Dolan and Coffey (1988) that it is not, and 
indicates the underlying complexity of phosphite action.  However, it should be borne 
in mind that the phosphate status of the plants used in these experiments had not 
been determined. 
The concentrations of phosphite required for a reduction in colony size in vitro are in 
excess of those that have been found in planta, and this has lead to the supposition 
that phosphite mediated resistance to Phytophthora is due to stimulation of the plant 
defense system (Wilkinson et al., 2000).  Groves (2002) found the concentration of 
phosphite in lupin roots, 1-10 days post spraying with 0.25% phosphite, was 300ug/g 
dry weight.  With a conversion factor of 1:10 for dry to fresh weight, and the 
assumption that 1g fresh weight = 1ml, the concentration of phosphite found in lupin 
roots is in the order of 0.37 mM.  Using the same calculation and the data of Pilbeam 
et al. (2003) the concentration of phosphite in the stems of Eucalyptus marginata 
seven days after spraying with 0.5% phosphite, is calculated to be 0.522 mM.  This is 
in agreement with the concentration of phosphite found in lupin roots using the silver 
nitrate reagent in Chapter 3.  For these concentrations to have a direct inhibitory 
effect on the pathogenicity of Phytophthora it would be expected that the in planta 
orthophosphate concentrations are either very low (< 0.5 mM) or high (> 10 mM).  
The effect of orthophosphate concentration on the efficacy of phosphite may explain 
why some plants appear to contain very low levels of phosphite, yet maintain 
resistance to Phytophthora (Tynan et al., 2001). 
The application of control and uncolonised, phosphite-treated discs directly to the 
roots of lupin seedlings demonstrated that exogenously applied phosphite does not 
significantly alter root growth below the point of inoculation. This suggests that any 
residual phosphite on the disc is not present in high enough concentrations to alter 
the root growth or morphology.  Thus the likelyhood that phosphite may be 
stimulating plant defense by absorption via the root is excluded as phosphite in the 
roots of sprayed plants inhibited root extension below the point of inoculation.  
Although it is unlikely, the possibility that low levels of phosphite that are insufficient 
to reduce root growth are able to stimulate plant defense cannot be excluded.  89 
The results of the experiment on the time-dependent effects of phosphite exposure 
by P. cinnamomi indicate that  incubation periods of longer that six hours will alter the 
concentration dependent effect that phosphite has on pathogenicity.  Unfortunately, 
this experiment was conducted prior to ascertaining the effect of orthophosphate and 
phosphite on pathogenicity, but in retrospect may explain the lack of decrease in 
lesion development that would have been expected to occur at the higher 
concentration of phosphite. Future work on the uptake of phosphite under different 
orthophosphate conditions is required. 
Phytophthora cinnamomi can be reisolated from phosphite treated, symptomless yet 
infected plants (Wilkinson et al., 2001a; Huberli et al., 2000), and pathogen is able to 
grow in vitro after treatment with phosphite concentrations up to 300mM in the 
presence of 10 mM orthophosphate, albeit poorly (data not shown). The effect of 
phosphite on P.cinnamomi is therefore assessed to be fungistatic and not fungicidal, 
and consequently the absence of lesions in plants that have been exposed to 
Phytophthora does not allow determination of whether colonisation of the plant was 
inhibited, or whether the pathogen has grown in a biotrophic mode (endophytic) that 
does not involve the development of necrotic lesions. Preliminary work in this area 
using infected, symptomless lupin roots was inconclusive (data not shown).  
With regard to the ability of the bioassay to report accurately and reliably on the 
effects of phosphite and orthophosphate on the pathogenicity of P. cinnamomi: the 
variation between lupin seedlings means that there will be differences in plant size, 
growth rate and general health, and this inequality may magnify differences in the 
responses to the pathogen in bioassays to assess the impact of phosphite at different 
concentrations.  However, the observation of experimental trends give an truer 
insight into what may be occurring at a biochemical level.  
In conclusion, a bioassay between L. angustifolius and P. cinnamomi was devised to 
test the effect of phosphite and orthophosphate on the phytopathogenicity of P. 
cinnamomi.  The effectiveness of direct application of phosphite on the pathogen in 
reducing the development lesions on otherwise untreated lupin roots opens the way 
to investigate the effect of other chemicals on the pathogenicity of P. cimmamomi.  
By applying inhibitors of the signaling pathways thought to be involved in the initiation 
and establishment of infection it is hoped that an understanding of the pathways 
involved will lead to novel ways of Phytophthora disease control.   The next Chapter 90 
looks at the role of phosphate signaling on the pathogenic process in Phytophthora 
cinnamomi. 
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5 :   The effect of phosphate signal 
transduction activators and 
inhibitors on the 
phytopathogenicity of P. 
cinnamomi 
5.1  Summary 
The experiments in this chapter investigated the role played by cyclic adenosine 
monophosphate (cAMP) and phosphate signaling pathways in the phytopathogenicity 
of P. cinnamomi.  Specific inhibitors of various phosphatases and kinase enzymes 
suspected to be involved in pathogenicity were applied to P. cinnamomi colonised 
discs and used to inoculate lupin seedlings.   In this way the biochemical steps 
involved in P. cinnamomi pathogenicity may be “deconstructed” and the mechanism 
of action of phosphite uncovered.  The phosphatase inhibitors okadaic acid, sodium 
fluoride, and an inhibitor cocktail containing sodium vanadate, sodium molybdate, 
sodium tartrate and imidazole, neither decreased or increased the development of 
lesions, and no change in the degree of phosphorylation of cytosolic proteins could 
be detected by Pro-Q Diamond phosphoproteins staining.   It was not possible to 
draw any conclusions from the results of experiments testing the effect of addition of 
exogenous cAMP or the phosphatase inhibitor phenyl arsine oxide to colonised discs 
on the ability of P. cinnamomi to produce lesions on lupins.  However, the general 
kinase inhibitor staurosporine (0.1 - 1 mM) reduced lesion development on lupins and 
appeared to enhance the antipathogenic effect of 3 mM phosphite. This suggests 
that disruption of kinase activity generally may be contributory, but not causal, to 
phosphite action on the pathogenesis of P. cinnamomi.   
5.2  Introduction 
In order to understand how phosphite suppresses pathogenicity in P. cinnamomi it is 
necessary to know something about the pathogenic mechanism itself.  For instance, 
what biochemical processes are responsible for initiating and perpetuating the 
invasion of one organism by another?  What makes an organism pathogenic in the 
first place?   Biochemically pathogenic mechanisms have been linked to protein 92 
phosphorylation, a reversible reaction catalysed by a large class of enzymes called 
kinases and phosphatases (Tarrant and Cole, 2009).  These phospho-signaling 
pathways, as well as the signal transduction pathways involving other molecules, 
such as cyclic AMP, are the focus of this chapter.  
Signal transduction pathways are chemical relays that respond to environmental 
(internal and external), developmental, or reproductive cues from one part of the cell 
(or organism) to another via a series of reactions that involve an array of signaling 
molecules that can be rapidly activated and inactivated, and whose concentration is 
tightly controlled (Zhu and Shimamoto, 2007).   There is considerable cross-talk 
between the many different signaling pathways present in a cell, and this lends 
stability, as well as complexity, to the network of reactions that needs to be highly co-
ordinated in order to bring about a predictable biochemical response (Lehninger, 
2008).  This chapter aims to determine whether signaling pathways involving cyclic 
adenosine monophosphate (cAMP), and the activity of kinases and phosphatases 
are involved in the pathogenicity of P. cinnamomi.  A simplified diagrammatic 
representation of some of the signaling pathways thought to be operational in 
Phytophthora spp., and relevant to its phytopathogenicity, is shown in Figure 5.1.  
Pathways involving abscisic acid, phospholipase D and calcium signaling will be 
discussed in the following chapters.   
Cyclic-AMP is produced by adenylyl cyclase and is a second messenger in a 
nutrient-sensing signal transduction cascade that responds, via G-protein coupled 
receptors in the cell membrane, to alterations in glucose, nitrogen and pH in the 
environment (Lee et al., 2003).  In prokaryotes cAMP is implicated almost exclusively 
in mediating messages regarding glucose availability (D’Souza and Heitman, 2001).  
However, in eukaryotic cells cAMP acts as a second messenger amplifying the signal 
of hormone ligands (such as adrenaline or epidermal growth factor) binding to G-
protein coupled receptors within the cell membrane, and this type of signaling is not 
always solely dependent on the glucose levels of the organism.  Both the cAMP/PKA 
pathway and MAPK signaling have been shown to be interconnected and their 
functioning essential to mating and development in the basidomycete fungal 
pathogen Ustilago maydis (Feldbrugge et al., 2004).  Cyclic-AMP activates protein 
kinase A (PKA), which itself goes onto phosphorylate proteins such as transcription 
factors, kinases, phosphatases, lipases and histones (Lehninger, 2008). Exogenous 
cAMP has been shown to relieve the catabolite repression exerted by glucose and 
other catabolites on the formation of sporangia in Phytophthora capsici (Yoshikawa 93 
and Masago, 1977).  The formation of sporangia in Phytophthora spp. is associated 
with pathogenesis and is initiated in cultures exhausted of essential nutrients (Erwin 
and Ribeiro, 1996).  There is some speculation as to whether plants use cAMP as a 
second messenger in their signaling pathways (Assmann, 1995).  If so, 
pharmacological targeting of cAMP regulatory elements in oomycete plant pathogens 
would be worth considering if cAMP signaling in plants is not central to survival.   
Protein kinases and phospho-protein phosphatases are involved in many aspects of 
cell metabolism, and are particularly prominent in signal transduction pathways 
(Tarrant and Cole, 2009).  Together these kinases and phosphatases act as 
opponent processors, where the activity of one counter balances the activity of the 
other (Figure 5.1), resulting in a highly calibrated response to complex situations.  
For instance, the reciprocal action of these enzymes control the phosphorylation 
status and activity of many of the proteins involved in the mitogen activated protein 
kinase (MAPK) cell signaling pathway, the phosphate starvation response (PSR), 
gene transcription and translation and subsequent post–translational modifications 
and are also responsible for the regulating the degree of phosphorylation of all 
phosphorylated intermediates of metabolism, such as lipids, fats and carbohydrates. 
Because phosphorylation/ dephosphosphorylation reactions are so embedded in the 
metabolic functioning of the cell, a model of phosphite action that is reliant on the 
perturbation of orthophosphate metabolism and may involve, inter alia, a global 
increase in the degree of protein phosphorylation. This would result directly from 
phosphite inhibiting the activity of protein phosphatases, and arise indirectly due to 
the accumulation of the orthophosphate storage molecule, pyrophosphate, itself a 
substrate for the enzyme pyrophosphatase (Niere et al., 1994).  Using P
32 as a 
marker of protein phosphorylation, Carswell et al. (1997) demonstrated that 
phosphite treatment of phosphate-starved suspension cells of Brassica napus lead to 
the hyperphosphorylation of at least three polypeptides.  Like phosphite, 
phosphatase inhibitors (such as okadaic acid and calyculin A) will induce an oxidative 
burst in cultured soybean cells and that this is accompanied by the phosphorylation 
of several proteins (Chandra and Low, 1995).  However, autoradiography of P
32 
incorporation only allows for the detection of phosphate groups that are attached 
during the time of the labeling procedure, and usually gives little indication as to the 
physiological phosphorylation status of proteins.  For this reason it was decided to 
use a fluorescence-based in-gel detection system using Pro-Q Diamond 
phosphoproteins gel stain to detect phosphoproteins in the cytosol of phosphite 94 
treated P. cinnamomi (Schulenberg et al., 2005). 
 
 
 
Figure 5.1.  Schematic representation of the cAMP and phosphate signal transduction pathways 
thought to be operational in Phytophthora spp. and possibly relevant to phytopathogenicity.  
 
 
When phosphite treated cultures of P. cinnamomi are used to infect lupin seedlings, 
no visible lesion develops and no symptoms of pathogen infection are observed (see 
section 4.6.2). The availability of a non-hydrolysable analogue of cAMP, as well as 
specific inhibitors of the various phosphatases and kinase enzymes (Sigma-Aldrich), 
make it possible to perturb signaling pathways in which they are involved in vivo and 
assess their effect on the phytopthogenicty of P. cinnamomi.  The aim of the 
following experiments was to investigate the effect of various chemicals to enhance, 
mitigate, or mimic the anti-pathogenic effect of phosphite.  In this way the 95 
biochemical steps involved in P. cinnamomi pathogenicity may be “deconstructed” 
and the mechanism of action of phosphite uncovered.   
5.3  General materials and methods 
General material and methods are as described under section 4.3.  Chemicals and 
procedures used to treat P. cinnamomi MP94-48 colonised discs are described under 
the relevant sections below.  In these experiments only discs and roots for which 
infection was doubtful were placed onto NARPH to test for recovery of the pathogen.  
Statistical analysis was performed as described under section 4.3.11. 
 
5.3.1  Experiment 5.1: The effect of dibutyryl cAMP and glucose on the 
phytopathogenicity of P. cinnamomi  
The effect of addition of cAMP and glucose, separately, together and in combination 
with phosphite was investigated on the phytopathogenicity of P. cinnamomi on lupins. 
This will allow determination of whether cAMP signaling is involved in pathogenesis.  
5.3.1.1  Materials and methods 
Discs of GF/B filter paper (0.5 cm) were colonised for 10 days with P.cinnamomi 
MP94-48 growing on Ribeiro’s minimal medium containing I mM of orthophosphate. 
A non-hydrolysable analogue of cAMP, N6 2’-O dibutyryl adenosine-3’:5’-cyclic 
monophosphate (Sigma, Australia) was diluted in sterile deionised water to give a 
final concentration of 0, 1mM, 3 mM, 10mM or 20 mM dibutyryl cAMP.  Drops (25 µL) 
were added to P. cinnamomi colonized discs in the presence or absence of 0, 1, 3 or 
10 mM phosphite.  The effect of glucose (0, 10 and 30 mM) in the presence or 
absence of dibutyryl cAMP was also tested. Discs were incubated in a total of 50 uL 
of each treatment for between 2-4 hours in a Petri dish at 25
0C. Ten 5-day old lupin 
seedlings (in rolls) were inoculated with each treatment then incubated as described 
previously.  Dibutyryl cAMP was used because it is more persistent than cAMP and 
is membrane soluble and therefore more readily taken up by the cell (Bencina et al., 
2005). Treated colonised discs were placed onto NARPH for 48 hours at 25
oC to 
assess the effect of the treatments on radial growth of the pathogen.  96 
5.3.1.2  Results 
The growth of the pathogen from discs that had been treated with combinations of 
phosphite and dibutyryl cAMP showed that although growth from discs that had been 
treated with phosphite was reduced, the growth from discs that had been treated with 
dibutyryl cAMP alone were unaffected (Figure 5.2).    
              
                                    
Figure 5.2   Radial growth of P. cinnamomi colonised discs treated with indicated combination of 
phosphite and dibutyryl cAMP grown on NARPH for 48 hours at 25
oC. Concentrations of phosphite and 
dibutyryl cAMP are as indicated. 
 
The combined effects of phosphite, dibutyryl cyclic AMP and glucose, at varying 
concentrations, and in various combinations affected the ability of treated 
P.cinnamomi to cause lesions in lupin seedlings.  An initial experiment on the 
interaction between phosphite and dibutyryl cAMP clearly demonstrated a significant 
(p<0.05) concentration dependent inhibitory effect of cAMP on the pathogenicity of P. 
cinnamomi, but the effect was less than that of 3 mM phosphite alone (Figure 5.3).  
The root growth below the point of inoculation with treated discs showed an increase 
in the root extension with increasing dibutyryl cAMP concentration (Table 5.1). 97 
 
Figure 5.3  Mean progressive lesion length (mm) on L. angustifolius seedlings over six days post -
inoculation with P. cinnamomi colonised discs treated with combinations of phosphite (0 – 3 mM) and 
dibutyryl cAMP (0 – 10 mM) as indicated.  
 
Table 5.1  Average root growth below the point of inoculation (mm) in L. angustifolius seedlings at six 
days post-inoculation with P. cinnamomi  treated with combination of phosphite and dibutyryl cAMP.  
Standard error of the mean in brackets. 
 
  Phosphite (mM) 
db cAMP (mM)  0  3  10 
0  14.5 (17)  28.2 (24)  36.6 (20) 
1  19.1 (21)  28.7 (30)  17.0 (21) 
3  33.5 (20)  35.9 (27)  31.5 (20) 
10  33.35 (24)  24.9 (24)  29.7 (16) 
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However, two repetitions of the experiment using up to 20 mM dibutyryl cAMP in the 
absence of phosphite did not demonstrate a significant (p>0.05) concentration 
dependent effect of the signaling molecule on the phytopathogenicity of P. 
cinnamomi (Figure 5.4; first column of Figure 5.5 A).  
Increasing glucose concentration alone, as well as in conjunction with increasing 
cAMP concentration, led to an increase in the ability of P. cinnamomi to cause 
lesions on lupin seedlings (Figure 5.5, A); however, in the presence of 10 or 20 mM 
dibutyryl cAMP the effect was not significant (p>0.05).  Repetition of the effect of 
glucose concentration (0 – 100 mM) demonstrated that growth of the pathogen on 
media containing 30 mM glucose increases the pathogenicity of the isolate (Figure 
5.5, B), whereas concentrations above this do not. There were no significant (p>0.05) 
differences in the root extension between treatments. 99 
 
Figure 5.4  A and B.  Repeat experiments of the effect of dibutryrl cAMP (0 – 20 mM) on the 
phytopathogenicity of P. cinnamomi on L. angustifolius seedlings.  Mean progressive lesion length over 
0 - 6 (A) or 0-5 (B) days post inoculation with P. cinnamomi colonised discs treated with dibutyryl cAMP. 
 
5.3.1.3  Discussion 
The effects of phosphite, dibutyryl cAMP and glucose on the pathogenicity of P. 
cinnamomi on L. angustifolius seedlings did not present a consistent picture that can 
be reconciled with cAMP acting as either an inhibitor, or promoter, of 
phytopathogenicity.  The conclusion is that cAMP is not a prominent signaling 
molecule involved in the pathogenicity of P. cinnamomi.  Alternatively, the regulation 100 
of cAMP levels and mediation of its downstream effects require additional signaling 
components that were not activated, or repressed, under the conditions of the 
bioassay (i.e. conditions of the bioassay were not always stringent enough to filter 
out “biochemical noise”).  With hindsight there are several criticisms that can be 
made regarding the experimental methodology.  The initial experiments showed that 
dibutyryl cAMP inhibited pathogenicity in a concentration dependent way.  It has 
been suggested (Richard Oliver, per comm.) that the millimolar concentrations of 
dibutyryl cAMP used are in excess of those expected to be found physiologically and 
may in fact be acting as a carbon source.  However, these concentrations are within 
the range used by Yoshikawa and Masago (1977) to inhibit catabolite-repressed 
sporangial formation in P. capsici, as well as those used by Bencina et al. (2005) to 
investigate crosstalk between cAMP and calcium signaling in Aspergillus niger.  If the 
results of these experiments were to be consistent with Yoshikawa and Masago, 
(1977) and Bencina et al. (2005), as well as in line with the proposed effect that 
calcium is shown to have in later chapters of this thesis, then it would be expected 
that cAMP would inhibit pathogenesis via disruption of Ca
2+ signatures mediated via 
cAMP- activated PKA (Figure 5.1). This is what was found in the first cAMP 
experiment (Figure 5.3), where clearly the concentrations of dibutyryl cAMP used are 
not acting as a carbon source.  These results could have been confirmed by using a 
phosphodiesterase inhibitor, such as 3-isobutyl-1-methylxanthine (BMX), to elevate 
cellular cAMP levels via inhibition of its breakdown.  However, given the contradictory 
nature of the results, no firm conclusion can be drawn.  101 102 
 
 
Figure 5.5  A. The effect of glucose and dibutyryl cAMP on the phytopathogenicity of P. cinnamomi on 
L. angustifolius seedlings     B. The effect of glucose concentration alone on the phytopathogenicity of P. 
cinnamomi on L. angustifolius  seedlings.  
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5.3.2  Experiment 5.2: The effect of phosphatase inhibitors on the 
phytopathogenicity of P. cinnamomi  
The phosphatase inhibitors phenyl arsine oxide (PAO), okadaic acid, sodium fluoride 
and Inhibitor combination 2 (Sigma) were applied to discs colonised with P. 
cinnamomi and used to infect the roots of lupin seedlings. This series of experiments 
was done in an attempt to mimic the effect of phosphite (i.e. inhibit pathogenicity) 
thereby showing that phosphite could be acting primarily via inhibition of 
phosphatases. There are two main classes of phosphatases: protein tyrosine 
phosphatases (PTPs) and serine/threonine protein phosphatases (PPs) which can be 
further sub-divided on the basis of their catalytic mechanism being dependent cystein 
residues or the presence of divalent cations, such as Mg
2+(Sigma Handbook, 2006).  
Both mechanisms proceed by nucleophilic attack on the phospho-anhydride bond.  
5.3.2.1  Materials and methods 
Phenyl arsine oxide (PAO):  PAO is a thiol-crosslinking agent that binds to cysteinyl 
residues on proteins. It inhibits receptor and non-receptor like PTPs at concentrations 
between 5 and 50 uM.  PAO (5 mM, deionised water containing 3% DMSO, Sigma) 
was diluted to give concentrations of 1,3,10,30 and 100 uM. 25 µl of each solution 
was added to P. cinnamomi (MP 94-48) colonized discs in a Petri dish and left for 2 
hours at 25
0C. Ten 4-day old lupin seedlings (in rolls) were inoculated with each PAO 
treatment then incubated as described previously.  (See section 6.2.1 for the effect of 
DMSO on pathogenicity).  
Sodium fluoride (NaF):  NaF inhibits PTPs and not PPs.  A 100 mM stock solution of 
NaF in sterile deionised water was diluted to give concentrations of 0, 1, 3, 10 and 30 
mM NaF.  25 µL of each treatment was applied to P. cinnamomi (MP 94-48) 
colonized discs in a Petri dish and left of 2 hours at 25
0C. Ten 4-day old lupin 
seedlings (in rolls) were inoculated with each NaF treatment and incubated as 
described previously.  
Okadaic acid:  Different dilutions of okadaic acid can be used to discriminate 
between phosphatases therefore a 1000-fold  concentration range of 1nM to 1uM 
was chosen. Okadaic acid is a specific inhibitor of type I, 2B or 2C serine/threonine 
PPs, and does not inhibit acid and alkaline phosphatases or PTPs.  25 µl of 0, 1nM, 
10nM, 100nM, 0.5µM, 1µM of okadaic acid in sterile deionised water was added to P. 
cinnamomi (MP 94-48) colonized discs in a Petri dish and left of 2 hours at 25
0C. Ten 104 
5-day old lupin seedlings (in rolls) were inoculated with each okadaic acid treatment 
then incubated as described previously.  
Phosphatase Inhibitor Cocktail 2 (Sigma), containing sodium vanadate, sodium 
molybdate, sodium tartrate and imidazole. This mixture of inhibitors will inhibit acid 
and alkaline phosphatases  PPs as well as PTPs. This inhibitor cocktail was diluted 
1/10, 1/50, 1/100, 1/150, and 1/200. Sigma recommends application at a dilution of 
1/100. Discs were treated and lupins inoculated as described above. 
Experiments were repeated once with similar results. 
5.3.2.2  Results 
Treatment of P. cinnamomi colonised discs with 10 µM phenyl arsine oxide 
significantly (p < 0.05) inhibited the development lesions on lupin seedling roots 
(Figure 5.6, A).  There was no significant (p>0.05) increase in the root extension 
below the point of inoculation with increasing PAO concentration.  There was no 
difference in the rate of growth of P. cinnamomi from discs treated with PAO 
concentrations of 0 – 1 µM.  Radial growth of pathogen from discs treated with 10 µM 
PAO was half that of PAO at 0 – 1 µM concentrations (data not shown).   
Application of sodium fluoride (0- 30 mM ) or okadaic acid (0 – 1 µM) to P. 
cinnamomi  did not result in any significant (p>0.05) alteration in the ability of the 
pathogen to produce lesions on lupin seedlings (Figure 5.6, B and C).  Increasing 
concentrations of okadaic acid had a pro rata effect on the radial growth of P. 
cinnamomi colonised treated discs (data not shown).  However, this reduction in 
growth rate does not appear to be mirrored by a reduction in the ability of the 
pathogen to infect lupin seedlings. 
Phosphatase Inhibitor Cocktail 2 treatment of P. cinnamomi showed that this 
combination and concentration of inhibitors has no significant effect on either the 
growth rate or the pathogenicity of P.cinnamomi.  
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Figure 5.6  Mean progressive lesion length over 0 – 6 (A and B), or 0 – 4 (C and D), days in L. 
angustifolius seedlings inoculated with P. cinnamomi colonised discs treated with 25 µL of  A. phenyl 
arsine oxide (0-10 µM); B. Sodium fluoride (0-30 mM);  C. Okadaic acid (0-1 µM); and D. dilutions of 
Phosphatase Inhibitor Cocktail 2.   107 
5.3.2.3 Discussion 
The concentration of PAO (10 µM) required to reduce the pathogenicity of P. 
cinnamomi on lupin seedlings also reduced the growth of the pathogen from treated 
discs.  As PAO forms irreversible covalent thiol-cross links with exposed cysteine 
residues on all proteins, not just protein tyrosine phosphatases, it is possible that the 
disruption of the pathogenic mechanism per se may not be responsible for the 
reduced development of lesions, but rather a more ubiquitous disruption of protein 
function generally.  
There are several explanations as to why the phosphatase inhibitors NaF, okadaic 
acid and Phosphatase Inhibitor Cocktail 2 used in this experiment had no significant 
effect on lesion development.  The inhibitors were chosen on the basis of their 
proven efficacy in signal transduction disruption in other systems and it is possible 
that the enzymes present in P. cinnamomi were not as susceptible to inhibition in 
vivo as their plant or mammalian counter parts. Penetration of the plasma membrane 
may also have limited their efficacy.  Although phosphite is able to affect the 
pathways involving phosphatases in vitro (Martin et al., 1998), the natural 
redundancy and robustness necessarily inherent in many signaling networks in vivo 
prevents the inhibitors from having a significant effect on pathogenicity.  Additionally, 
although phosphatases will undoubtedly participate in the transduction network at 
some point, they may not be positioned at any of the various signaling hubs.  
Biochemical or signaling hubs are points in the chemical network where several 
pathways converge and are important centers of control and regulation.  Were 
phosphatases, or kinases, primarily responsible for regulating metabolic flux via any 
of the hubs involved in pathogenicity, inhibition of their activity would have had a 
dramatic effect on the ability of the pathogen to produce lesions.   
5.3.3  Experiment 5.3: The effect of the protein kinase inhibitor, staurosporine, 
on phytopathogenicity of P. cinnamomi  
Saturosporine is a potent non-specific universal inhibitor of protein kinases, the 
degree of inhibition being dependent on the concentration of compound used.  The 
rationale behind using staurosporine was that if kinase activity were inhibited then the 
degree of protein phosphorylation would decrease.  If phosphite decreases 
pathogenicity of P. cinnamomi by reducing phosphatase activity, hence increasing 
protein phosphorylation generally, then a universal kinase inhibitor may mitigate the 
effect of phosphite.    108 
5.3.3.1  Materials and methods 
P. cinnamomi MP94-48 colonised discs were grown on Ribeiro’s minimal medium 
containing 1 mM orthophosphate and 5 mM glucose for 10 days at 25
0C.  
Staurosporine (Sigma, Australia) was diluted in DMSO (Sigma, Australia). Discs were 
treated with 60 µL of solution containing the combination of phosphite at 0, 3 or 10 
mM, and staurosporine at concentration of 0, 3, 10, 30, 100 or 300 nM. All treatments 
were carried out in 5% DMSO which had previously been shown to not have an 
adverse effect on either the pathogenicity of the isolate or the root growth below the 
point of inoculation (data not shown).  Colonised discs were incubated individually in 
96-well micro-titer plates for 18 hours, in the dark, at 25
oC. The roots of 5-day old 
lupin seedlings were inoculated as described previously.  Each treatment was 
comprised of 20 lupins in two inoculation rolls.  The experiment was repeated once, 
at phosphite concentrations of zero and 3 mM, in combination with staurosporine at 
concentrations of 0, 1, 10, 100 or 1000 nM in a total volume of 60 µL. Additional P. 
cinnamomi colonised discs that had been treated were plated onto NARPH and 
grown for 48 hours at 25
0C. 
5.3.3.2  Results 
The application of phosphite to P. cinnamomi colonised discs at concentrations of 0, 
3 and 10 mM significantly (p < 0.05) reduced the ability of the pathogen to produce 
lesions on the roots of lupin seedlings (Figure 5.7). In the first experiment, the kinase 
inhibitor staurosporine, in combination with varying concentrations of phosphite 
tended to reduce the development of lesions on lupins with increasing concentration, 
but the effect was non-significant (p > 0.05) (Figure 5.7 A).  The pathogen grew from 
all discs treated with the combinations of phosphite and staurosporine, with growth 
being least from the disc treated with the combination of 3 mM phosphite and 1000 
nM staurosporine, and most vigorous from the control untreated disc  (Figure 5.8).   
In the second experiment investigating the interaction between phosphite and 
staurosporine on lesion development, the concentration range of staurosporine was 
increased (0 – 1 µM).  As before, phosphite had a significant (p < 0.05) effect on 
pathogenicity, and although a small effect of increasing staurosporine concentration 
and using staurosporine in combination with phosphite can be seen (Figure 5.7B), 
the interaction was non-significant.  There was however a significant (p < 0.05) 
difference between 1 - 10 nM and the 100 – 1000 nM amounts.  109 
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Figure 5.7  Mean progressive lesion length over six days post-inoculation of L. angustifolius seedlings 
with P. cinnamomi colonised discs treated with combinations of staurosporine (up to 1 uM) and 
phosphite (up to 10 mM) as indicated.   A and B represent two independent experiments.   
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Figue 5.8  Growth of P. cinnamomi MP94.48 cultures treated with combinations of phosphite and 
staurosporine as marked (phosphite mM/staurosporine nM), grown on NARPH for 48 hours at 25
0C.  
 
5.3.3.3  Discussion 
Instead of consistently mitigating the effect of phosphite, at concentrations above 10 
nM staurosporine appeared to enhance its effect (Figure 5.7 A and B), suggesting 
that there is some overlap in the pathways being affected by these two chemicals.  If 
kinase activity alone was central to pathogenesis one would have expected the 
general kinase inhibitory nature of staurosporine to dramatically reduce development 
of lesions on lupin seedlings.   
Staurosporine was not lethal to the pathogen as was evidenced by its growth from 
discs treated with up to 1 µM staurosporine in combination 3 mM phosphite (Figure 
5.8) indicating that the inhibition of the kinase activity caused by the chemical under 
the conditions of the bioassay was not sufficient to disrupt vegetative growth.  Protein 
kinase C (PKC) and PKA (the cAMP dependent kinase) have KI50 for staurosporine 
in the nano-molar range (Tamaoki et al., 1986), whereas others such as some MAP 
kinases are not as sensitive (Meggio et al., 1995).  However, KI for tyrosine kinase is 
6.4 nM (Nakano et al., 1987) and this enzyme/receptor may be responsible for 
initiating the MAPK signaling cascade, and therefore may be having an effect on 
pathogenicity as evidenced by the drop in mean lesion length at higher 
concentrations of staurosporine. 112 
The phosphorylation of proteins (as well as carbohydrates, lipids, nucleic acids) by 
kinases involves a two-step enzymic process whereby a phosphoryl group is 
transferred from ATP to the acceptor protein molecule (Lehninger, 2008).  The 
hydrolysis of ATP to ADP and phosphate is a phosphatase reaction and as such may 
be affected by the presence of phosphite and pyrophosphate.  Were this the case, 
staurosporine would be expected to enhance the effect of phosphite which, at 3 mM 
phosphite and staurosporine concentrations of between 10 - 100 mM, it does (Figure 
5.7).  Staurosporine is a relatively non-selective kinase inhibitor and with respect to 
the current bioassay only indicates whether protein phosphoryl transfer plays a role 
in pathogenesis, and gives little indication as to which pathways are involved (Tarrant 
and Cole, 2009).  Despite this one can tentatively draw the conclusion that although 
co-ordinated kinase activity generally does not appear to be central to the process of 
pathogenesis in P. cinnamomi, phosphite probably does interfere with some aspects 
of kinase signaling, possibly a receptor tyrosine kinase.  However, as stated 
previously, the signaling pathways responsible for initiating pathogenesis are 
probably degenerate and therefore not reliant on any one particular biochemical 
process or reaction.   
5.3.4  Experiment 5.4: The effect of phosphite on the degree of cytosolic protein 
phosphorylation in P. cinnamomi 
The aim of the following experiment was to determine if treatment with phosphite 
caused a change in the degree of protein phosphorylation in the mycelia of P. 
cinnamomi MP94-48 concomitant with the reduction of mycelia growth and the ability 
of the pathogen to infect lupin roots.  If an increase in protein phosphorylation could 
be demonstrated, it would lend credence to the hypothesis that phosphite, either 
directly or via the accumulation of pyrophosphate, inhibits the activity of protein 
phosphatases thus supporting the view that increased protein phosphorylation is 
associated with a decrease in phytopathogenicity 
5.3.4.1  Materials and methods 
Samples of P. cinnamomi mycelia were prepared and proteins extracted according to 
a modified protocol of Shepherd et al. (2003).  Petri dishes (19 mm) containing 20 ml 
of V8 liquid medium were inoculated with a 0.5 cm diameter V8 agar plug of actively 
growing P. cinnamomi (MP9-48).  Plates were sealed with clingfilm (Glad Wrap) and 
incubated in the dark at 25
0C.  After 10 days the V8 medium was aseptically drained 
from the cultures and 20 mLs of fresh half strength V8 (V8(L)) medium was added to 113 
the plates.  Fresh half strength V8(L) was added to the cultures as some liquid was 
lost during the 10 day incubation period and half V8 was used to simulate media that 
had supported growth for 10 days.  Phosphite was added to treatment plates to a 
final concentration of 3 mM as this was the concentration of phosphite found to inhibit 
pathogenicity (Chapter 4).  Control and phosphite treated cultures were incubated at 
25
0C for 10 minutes, 1 hour, 4 hours and 24 hours after which time the culture 
medium was drained off and the agar plug carefully removed from the mycelium.  
Plates and solutions were maintained at 25
0C throughout the experiment.  The 
mycelium was touched to filter paper to remove excess liquid, transferred to a 1 ml 
sterile cryo-tube and immediately frozen in liquid nitrogen. Samples were stored at -
70
0C until analysed.  Tissue was then ground in liquid nitrogen to a fine powder and 
extracted according to the method of Shepherd et al. (2003).   
The concentration of protein in samples and Std Pro solution was determined using 
the PI 96-well Bradford assay. Samples (25g) and Std Pro (25g and 50g) were 
run on a 1D criterion Tris-Tricine 10-20% gel (Bio-Rad). The gel was stained using 
the Pro-Q Diamond Phosphoprotein gel stain and SYPRO Ruby protein gel stain 
(Steinberg et al., 2003).  Scanning was performed using a Typhoon Trio Variable 
Mode Imager (GE Healthcare Life Sciences).  Quantitative band analysis was 
performed using ImageQuant TL (GE Healthcare Life Sciences). Total stained 
material in each gel lane was determined for the Pro-Q Diamond Phosphoprotein gel 
stain and the SYPRO Ruby protein gel stain. 
5.3.4.2  Results 
The relative amounts of phosphoproteins present in phosphite treated and control 
cultures of P. cinnamomi  were determined using Pro-Q Diamond phosphoprotein gel 
stain (Figure 5.9 A) and are to be compared with SYPRO Ruby protein stain for total 
proteins present in the sample (Figure 5.9 B).  The peppermint stick marker (final 
lane on both gels in Figure 5.9) contains two phosphoproteins: Beta casein (five 
phosphates) Mr 23.6 kDa, and ovalbumin (two phosphates) Mr 45 kDal. All other 
proteins in this lane are not phosphorylated and serve as a negative control. The 
quantitative results displayed in Table 5.2 are expressed as volume which is defined 
as “the raw volume of the uncalibrated quantity of material in the image after 
background intensity has been removed”.  The final column in the table displays the 
ratio of Pro-Q Diamond volume to the SYPRO Ruby volume which provides a 
measure of the relative phosphorylation level of each lane.  114 
The Pro-Q Diamond stain used in this technique also stained the unphosphorylated 
proteins in the peppermint stick marker (Figure 5.9).  The resulting high background 
made it very difficult to determine which proteins were genuinely phosphorylated and 
which were merely background staining. When comparing the bands stained with the 
Pro-Q Diamond stain and those stained with the SYPRO Ruby phosphorylated 
proteins appear to be present at around just under 116 Kda (Figure 5.9, A), However 
when the bands in the phosphite treated samples (lanes 6 – 9) are compared to the 
bands in the control samples (lanes 1 – 5), there is no obvious difference in the 
intensity of the stain between the two treatments over time.  The pattern of bands in 
the one hour 3 mM phosphite treated sample (Lane 7) appears different from the 
other samples and may be significant.   
5.3.4.3  Discussion 
Before speculating as to its meaning the experiment would need to be repeated with 
some improvements in sample collection and preparation.  For instance a higher 
concentration of a fractionated sample could have been run as there appears to be a 
larger number of lower molecular weight proteins (18 – 14 Kda) that were stained by 
the Pro-Q Diamond phosphostain that were not stained by the SYPRO Ruby 
(although one would have expected it to be the other way round).  
These results suggest that this method of fluorescence based in-gel detection of 
phosphoproteins is not suitable for determining whether phosphite treatment of P. 
cinnamomi mycelia affects the degree of phosphorylation of cytosolic proteins, and 
therefore no conclusions may be drawn from the results of this experiment. 115 
 
 
Figure 5.9  Phosphoproteins (A) and total protein (B) present in cytosolic extracts of P. cinnamomi 
control liquid cultures and cultures treated for 0, 10 minutes, 1, 4 and 24 hours with 3mM phosphite, and 
stained with Pro-Q Diamond phosphoproteins gel stain and SYPRO Ruby protein gel stain, respectively. 
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Table 5.2.  Quantitative results of protein amounts expressed as volume (see text for details). 
 
 
Sample 
Lane 
number 
Pro-Q Diamond 
Phosphoprotein 
gel stain volume 
SYPRO Ruby 
protein gel stain 
volume 
Pro-Q Diamond 
volume/SYPRO 
Ruby volume 
0 control  1  2808070  28538001  0.098 
10’ control  2  3911983  40205958  0.097 
1 hr control  3  3554838  40441247  0.088 
4 hr control  4  2398815  20206600  0.119 
24 hr control  5  2587530  21905033  0.118 
10’ phosphite  6  2769033  26432209  0.105 
1 hr phosphite  7  3364605  45975933  0.073 
4 hr phosphite  8  2207982  21693946  0.102 
24 hr 
phosphite 
9  3911925  41287007  0.095 
25 ug standard  10  2622078  42793507  0.061 
50 ug standard  11  4559017  89757930  0.051 
 
5.4  General Conclusions 
The experiments in this Chapter examined the role of the signaling molecules cAMP 
and orthophosphate in the biochemical pathways involved in the phytopathogenicity 
of P. cinnamomi.   Phosphate signaling pathways have been linked to pathogenicity 
(Tarrant and Cole, 2009) and the inhibition of phosphatase activity may be a primary 
effect of accumulating phosphite. However, the phosphatase inhibitors okadaic acid, 
sodium fluoride, and an inhibitor cocktail containing sodium vanadate, sodium 
molybdate, sodium tartrate and imidazole, neither decreased or increased the 
development of lesions, and no change in the degree of phosphorylation of cytosolic 
proteins could be detected by Pro-Q Diamond phosphoproteins staining. The addition 
of the general kinase inhibitor staurosporine (0.1 - 1 mM) reduced lesion 
development on lupins and this effect was augmented slightly, but non-significantly, 
by the addition of phosphite (3 mM).   It was not possible to draw any conclusions 
from the results of experiments testing the effect of addition of exogenous cAMP or 
the phosphatase inhibitor phenyl arsine oxide to colonised discs on the ability of P. 
cinnamomi to produce lesions on lupins.  In retrospect it would have been possible to 
use a non-specific cAMP phosphodiesterase inhibitor (such as the methylated 117 
xanthenes caffeine or theophylline) to generate higher levels of cAMP in situ.  
However, the lack of a clear, concentration dependent response to any of the 
inhibitors suggests that neither phosphorylation or dephosphorylation reactions are 
the primary control mechanism in either the initiation, or inhibition, of 
phytopathogenesis.   
Attention and effort now turn to the other signaling pathways suspected of playing a 
role in the infection process.  The next Chapter investigates the role of the abscisic 
acid and phospholipase D activity on the phytopathogenesis of P. cinnamomi.  
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6 :   The role of abscisic acid and 
phospholipase D in the 
phytopathogenicity of P. 
cinnamomi 
6.1  Summary 
Perturbation of the abscisic acid / phospholipase D signaling pathway and the effect 
this would have on pathogenicity were investigated using a P. cinnamomi / L. 
angustifolius pathosystem.  Inhibition of phosphatidic acid production by 
phospholipase D was tested using primary, secondary and tertiary butyl alcohol, 
however consistent significant differences in the phytopathogenicity of P. cinnamomi 
could be detected between control and primary, secondary or tertiary butyl alcohol 
treatments at concentrations ranging from 0 – 3%.  The reduction in pathogenicity of 
P. cinnamomi cultures treated with brefeldin A (BFA) suggests that the exchange of 
GTP for GDP on a member of the Ras-superfamily is essential for the infection 
process to occur and is probably specifically activated during pathogenesis.  The 
application of exogenous abscisic acid (100 µM) increased the pathogenicity of  P. 
cinnamomi and partially mitigated the antipathogenic effect of phosphite (3 – 10 mM).   
It was not possible to determine whether or not abscisic acid was produced 
endogenously by cultures of P. cinnamomi. 
6.2  Introduction 
The abscisic acid - phospholipase D signaling network in plants is involved in many 
regulatory aspects of growth, development and immunity (Wang, 2005).  Several iso-
forms of phospholipase D (PLD) have recently been found in Phytophthora spp. 
(Meijer et al., 2011), and pathogenic fungi are known to produce abscisic acid (ABA) 
as part of their pathogenic mechanism, suggesting that a link may exist between 
pathogenicity in oomycetes, ABA signaling and the activity of PLD.  Although the role 
of ABA in plants is well established, the molecular dissection of the ABA signaling 
pathway in protists is still in its early stages and the functioning of ABA in oomycetes 
is largely unknown (Takezawa et al., 2011).  However, it is known that treatment of 
soybean hypocotyls with exogenous ABA rendered them more susceptible to 
infection by P. megasperma and suppressed the synthesis of phytoalexins (Ward et 119 
al., 1989).  In terms of understanding the pathogenicity of P. cinnamomi it is 
important to know whether the pathogen is opportunistically responding to the ABA 
produced by the plant, or is it capable of producing its own ABA de novo?  The P. 
cinnamomi – L. angustifolius bioassay may provide some insights into these and 
other questions.  
Abscisic acid is a phytohormone involved in the response of plants to abiotic stress 
such as drought, salinity, cold and UV light (Mauch- Mani and Mauch, 2005).  In 
addition ABA plays an important role in stomatal movements, plant embryo 
development, flowering, seed dormancy and  senescence (Frankerberger and 
Arshad, 1995).  Abscisic acid has recently been found to be involved in the calcium-
dependent egress and development of the ampicomplexan parasiteToxoplasma 
gonodii (Nagamune et al., 2008).  Abscisic acid is synthesized in plants via the 
isoprenoid pathway (terpenoid pathway) and cleavage of carotenoids derived from 
isopentyl diphosphate  (Liu et al., 2005) and the physiological concentration is 
approximately 20-30 nM (Wang and Zang, 2008).  NCED  (9-cis-epoxycarotenoid 
dioxygenase),  the rate limiting enzyme in the de novo synthesis of ABA, is 
upregulated by drought stress and bacterial virulence factors, resulting in an increase 
in endogenous ABA concentration that antagonizes the plant defense response and 
makes plants more susceptible (de Torres-Zabala et al., 2007).  The biosynthetic 
pathway for ABA in Phytophthora  spp. is not known; however, it is possible that, as 
in fungi and plants, it is also synthesized via the mevalonate pathway involving the 
enzymes geranyl diphosphate synthase (GPPS) and farnesyl diphosphate synthase 
(FPP), with the production of pyrophosphate as an intermediate (Wasilewska et al., 
2008).  
The signaling pathway initiated by ABA has yet to be completely elucidated in any 
one organism.  G-proteins (guanine nucleotide binding proteins with intrinsic GTPase 
activity) and/or G-protein coupled receptors (GPCRs) initiate ABA signal transduction 
in Arabidopsis, other plants and in T. gonodii G-protein activation by ABA results in 
production of the second messenger cADP ribose (cADPR) which controls the 
release of calcium ions from intracellular stores (Wang and Zang, 2008; Santner and 
Estelle, 2009).  Stomatal opening in Vicia faba is inhibited by the application of 
exogenous phosphatidic acid (Takemiya and Shimazaki, 2010).  Phosphatidic acid is 
one of the “second messengers” of the initial ABA signal and is produced by the 
action of PLD on phosphatidyl choline (Figure 6.1).    120 
Phospholipase D (PLD) is an enzyme that catalyses the conversion of phosphatidyl 
choline into choline and phosphatidic acid (PA).  The enzyme is present in all 
eukaryotic cells and is found in the cytosol or associated with the plasma membrane, 
such as when the enzyme is prenylated (Melcher et al., 2009).  Phytophthora 
infestans, P. sojae and P. ramorum contain at least 18 isoforms of PLD that can be 
divided into six subfamilies (Meijer et al., 2011), suggesting that this enzyme plays a 
significant role in metabolism.  Some PLDs are transmembrane, incorporating a 
receptor and catalytic domain, binding domains for PIP2, but no Ca
2+ (C2) binding 
domains (Meijer et al., 2005), implying that their activity is not directly regulated by 
changes in cytosolic Ca
2+ concentration as it is in plants.  Phytophthora spp. do not 
contain phospholipase C activity (PLC), although recently a PLC analogue has been 
isolated in P. palmivora (D. Cahill, per.comm.) and therefore it is likely that in this 
genus, and possibly all oomycetes,  all PA formation occurs via the conversion of 
phosphatidyl choline to PA by the many isoforms of PLD (Meijer and Grovers, 2006).    
Phytophthora physiology is often likened to that of plants and in plants PLD has been 
implicated in the downstream signaling pathway for ABA (Testerink and Munnik, 
2005).  The generation of phosphatidic acid by PLD results in the activation of 
various cellular targets such as those involved in mitogenic signaling (i.e. the MAP 
kinases and phosphatases), the generation of reactive oxygen species (ROS) and 
inter alia the activation of cAMP phosphodiesterase activity.   
PLD is part of the signaling network involved in exo- and endocytosis (Ktistakis et al., 
1996; Yang et al., 2008; Donaldson, 2009) and is therefore likely to be instrumental 
in the membrane trafficking of various compounds thought to be necessary for the 
pathogenicity of Phytophthora spp. (Zhang et al., 1992).  These compounds include 
molecules involved in the suppression of plant defense, for instance suppressor 
factors, necrotrophic enzymes such as glucanases, proetinases and hydrolases 
(Torto-Alalibo et al., 2007).  Increased phosphatidic acid concentration associated 
with increased PLD activity induced encystment in P. infestans zoospores 
(Latijnhouwers et al., 2002) and addition of phosphatidic acid to cultures of P. 
palmivora induced zoospore differentiation and was also calcium ion dependent 
(Zhang et al., 1992).  Phosphatidic acid is involved in, and appears to regulate, the 
spatial distribution of the molecules with which it interacts.  For example, an ABA 
insensitive Arabidopsis mutant, ABA1, has been shown to have reduced activity of a 
protein phosphatase 2C that would normally negatively regulate ABA signaling by 
recruitment by PA to the membrane (Testerink and Munnik, 2005).  The activity and 121 
regulation of PLD and its possible involvement in the phytopathogenicity of P. 
cinnamomi is therefore of particular interest.   
It is postulated that phosphite may affect the abscisic acid-phospholipase D (ABA-
PLD) signal transduction network and that some of the anti-pathogenic effects of 
phosphite may be due to the inhibition, or perturbation, of these signaling pathways 
in either plant or pathogen.  It is known that the application of phosphite (1 - 3 mM) to 
cultures of P. cinnamomi renders them unable to infect lupins but does not prevent 
their vegetative growth on V8 agar or NARPH (Chapter 4).  The rationale behind the 
experiments in the present Chapter was to investigate whether inhibition of the ABA-
PLD signaling pathway could mimic the antipathogenic effect of phosphite and, if so, 
could pathogenicity be restored by adding exogenous metabolites, such as ABA?   
ABA is known to increase the activity of PLD in Vicia faba (Jacob et al., 1999) and 
Arabidopsis thaliana (Taniguchi et al., 2010) and induce PLD gene expression in rice 
(Gampala et al., 2001).  If the inhibition of pathogenicity due to phosphite could be 
chemically mitigated by exogenous ABA this would indicate that phosphite may be 
having an inhibitory effect somewhere upstream in the signaling pathway, or that 
phosphite may be inhibiting the de novo synthesis of ABA by the pathogen itself 
through generation of pyrophosphate.  It is also possible that the effect of ABA may 
be mediated by the generation of phosphatidic acid by PLD and/or the activation of 
GTP-binding proteins such as members of the Ras superfamily at the 
plasmamembrane.  If so, pertubation of this signaling pathway by inhibitors such as 
primary butyl alcohol and brefeldrin A in the pathogen would lead, inter alia, to the 
disruption of co-ordinated membrane transport (exo- and endocytosis, and the 
excretion of cellular adhesives, suppressor and necrotrophic molecules)  (Figure 6.1) 
as well as cytoskeletal malformation due to disruption of microtubule and actin 
filament assembly in the hyphae (Zhang et al., 2010)122 
Figure 6.1. Schematic representation of the interaction between the abscisic acid and phospholipase D 
signaling pathways.   The points at which the inhibitors butyl alcohol and brefeldrin A are likely to act are 
shown in blue (section 6.2 for references).  ABA = Abscisic acid; PLD = phospholipase D;  ARF = ADP 
ribosylation Factor ; BFA = brefeldin A; PC= phosphatidyl choline ;  PA= phosphatidic acid ; GEF = 
guanine nucleotide exchange factor; GAP = guanine nucleotide activating protein; ER = endoplasmic 
reticulum  
 
6.3  General materials and methods 
The methods followed are described under General materials and methods in section 
4.3.  Statistical calculations were performed using STATISTICA (StatSoft).  A one-
way ANOVA was used to test for significant differences between the means of each 
treatment. A Fischer LSD test was used as post hoc test for multiple comparisons 
between pairs of means.  Where necessary data was normalized by square root 
transformation.  Results were considered significant if p<0.05. 
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6.3.1  Experiment 6.1:  The effect of DMSO and phosphite on the 
phytopathogenicity of P. cinnamomi  
The butyl alcohols and brefeldrin A are unlikely to cross the plasma membrane of P. 
cinnamomi unless the membrane is made more permeable by adding a chemical, 
such as dimethyl sulphoxide (DMSO), which will aid their diffusion.  The effect of 
DMSO on the pathogenicity of untreated P. cinnamomi and P. cinnamomi that had 
been treated with phosphite was tested to ensure that its presence would not 
interfere with subsequent tests involving additional chemicals.  
6.3.1.1  Materials and methods 
Lupin seedlings were grown and P. cinnamomi colonised discs were prepared as 
described previously (section 4.3).  25 µL of 5% and 10% DMSO (Sigma, Australia) 
in sterile, deionised water in combination with 1, 3 and 10 mM phosphite was added 
to control (non-colonised) and P. cinnamomi colonised discs and incubated for 2 
hours at 25
0C. Two inoculation rolls containing ten plants each were inoculated per 
treatment and monitored as described previously in section 4.3. 
6.3.1.2  Results 
No lesions developed in plants inoculated with non-colonised discs (data not shown).  
Colonised discs that had been treated with phosphite (0 – 10 mM) showed a 
concentration dependent decrease in mean progressive lesion length as been shown 
in Chapter 4.  In the absence of phosphite, the addition of 5% DMSO reduced lesion 
development significantly (p < 0.05) from 55 to 39 mm, and the average root growth 
below the point of inoculation increased from 11 mm to 14.9 mm (Figure 6.2, B).  
Incubation of P. cinnamomi with 10% DMSO in the absence of phosphite significantly 
(p < 0.05) reduced lesion development to 31 mm and root growth below the point of 
inoculation was increased from 11 to 16.4 mm (Figure 6.2).  In the presence of 3 mM 
phosphite the addition of 5% DMSO had no significant (p > 0.05) effect on either the 
development of lesions or the root growth below the point of inoculation compared to 
P. cinnamomi colonised discs that had not been exposed to DMSO (Figure 6.2).  No 
lesions developed in plants that had been inoculated with discs treated with both 3 
mM phosphite and 10% DMSO (data not shown). 124 
 
  Average root growth below the point of inoculation (mm) 
  No phosphite  3mM phosphite 
  + Pc  -Pc  + Pc  -Pc 
DI H2O  11.0  39.4  28.1  36.0 
5% DMSO  14.9  26.7  33.6  35.3 
10% DMSO  16.4  33.6  31.1  29.1 
Figure 6.2.  Mean progressive lesion length and root growth over four days-post inoculation of  L. 
angustifolius seedlings inoculated with P. cinnamomi colonised discs treated with combinations of 
DMSO (0-10%) and phosphite (0-3 mM).  A.  Mean progressive lesion length on L. angustifolius 
seedlings and B. average root growth below the point of inoculation 4-days pot- inoculation .  
 
6.3.1.3  Discussion 
Concentrations of DMSO above 5% had a detrimental effect on the ability of P. 
cinnamomi to produce lesions on lupin seedlings and also reduced root growth below 
the point of inoculation. This indicates that concentrations of DMSO above 5% are 
likely to interfere with the bioassay.  Therefore, 3 - 5% DMSO was used in 
subsequent experiments using primary, secondary or tertiary butyl alcohol, and 
experiments using brefeldrin A.  
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6.3.2  Experiment 6.2: The effect of primary, secondary and tertiary butyl alcohol 
on phytopathogenicity of P. cinnamomi 
The activity of phospholipase D and production of phosphatidic acid are known to be 
involved in the differentiation (Zhang et al., 1992) and encystment of Phytophthora 
zoospores (Latijnhouwers et al., 2002) and both of these processes are involved in 
the colonisation of a plant host.  Primary alcohols are able to act as a substitute for 
water in the hydrolysis reaction of phosphatidyl choline which in the presence of PLD 
will form phosphatidyl alcohol instead of phosphatidic acid, whereas secondary and 
tertiary alcohols do not (Munnik et al., 1995).   Addition of 1
0 butyl alcohol will 
therefore inhibit the production of phosphatidic acid.   The effect of inhibiting the 
production of phosphatidic acid via PLD on phytopathogenicity of P. cinnamomi was 
tested by treating pathogen colonised discs with primary, secondary and tertiary butyl 
alcohol and infecting lupin seedlings.  This experiment aims to determine if the 
activity of PLD in P. cinnamomi is necessary for pathogenesis.  
6.3.2.1  Materials and methods 
Lupin seedlings were grown and P. cinnamomi colonised discs were prepared as 
described previously (section 4.3). 25 µL of either 1
0, 2
0 or 3
0 butyl alcohol (Sigma, 
Australia) at 0, 0.25, 0.5, 1, 2 and 3% solutions in either deionised water or 5% 
DMSO (Sigma, Australia) was added to colonised discs and incubated for 2 hours at 
25
0C.  Twenty plants in two inoculation rolls were inoculated per treatment and 
monitored as described in section 4.3.  Statistical analysis was done as described in 
section 4.3.11.    
6.3.2.2  Results 
In the absence of DMSO, all samples treated with primary, secondary or tertiary butyl 
alcohol (0 – 1%) and the untreated controls, showed the same degree of lesion 
development with no significant differences between treatments (data not shown).  
Root growth below the point of inoculation varied with treatment, with root growth 
decreasing, most significantly (p < 0.05) in plants inoculated with discs treated with 
1% primary butyl alcohol (Table 6.1).  Inoculation of plants with discs that had been 
treated with 0 – 3% primary and tertiary butyl alcohol in the presence of 5% DMSO 
did not show a significant (p > 0.05) difference in lesion development between 
treatments (Figure 6.3).  Differences between treatments in the average root growth 
below the point of inoculation were not significant (p > 0.05) (Table 6.2).  126 
 
Table 6.1  Average root growth (mm) below the point of inoculation in L. angustifolius roots inoculated 
with P. cinnamomi (+ Pc) colonised discs treated with of 1
0,2
0, and 3
0 butyl alcohol (0 – 1%) in the 
absence of DMSO. 
 
Treatment 
Average root growth 
below the point of 
inoculation (mm) 
 
dI H2O + Pc 
 
10.5 
       
0.25% 1
0 butyl alcohol + Pc 
0.5%  1
0 butyl alcohol + Pc 
1%  1
0 butyl alcohol + Pc 
 
0.25% 2
0 butyl alcohol + Pc 
0.5% 2
0 butyl alcohol + Pc 
1% 2
0 butyl alcohol + Pc 
 
0.25% 3
0 butyl alcohol + Pc 
0.5%  3
0 butyl alcohol + Pc 
1%   3
0 butyl alcohol + Pc 
 
10.1 
11.3 
5.2 
 
6.9 
9.6 
10.5 
 
8.4 
8 
12 
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A. 
 
B. 
 
 
Figure 6.3  Mean progressive lesion length over four days-post inoculation of  L. angustifolius seedlings 
inoculated with P. cinnamomi colonised discs treated with primary and tertiary butyl alcohol (0 – 3%), in 
the presence of 5% DMSO.  A and B are results from independent repeat experiments.  
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Table 6.2  Average root growth (mm) below the point of inoculation in L. angustifolius roots inoculated 
with P. cinnamomi colonised (+Pc) or uncolonised (- Pc) discs treated with of 1
0, and 3
0 butyl alcohol (0 
– 3%) in the presence of 5% DMSO. A and B are results from two independent repeat experiments. * 
The root extension of one plant was 116 mm and distorted the average to 30.4 mm, so was omitted from 
calculations. Na = not analysed. 
         Average root growth below 
the point of inoculation (mm) 
Treatment  A  B 
 
dI H2O + Pc 
 
12.4 
 
7.2 
5% DMSO + Pc  18.8*  Na 
1% 1
0 butyl alcohol in 5% DMSO + Pc 
2% 1
0 butyl alcohol in 5% DMSO + Pc 
3% 1
0 butyl alcohol in 5% DMSO + Pc 
3% 1
0 butyl alcohol in 5% DMSO - Pc 
 
7.2 
8.7 
9.8 
34.5 
8.9 
8.5 
12.7 
30.7 
 
1% 3
0 butyl alcohol in 5% DMSO + Pc 
2% 3
0 butyl alcohol in 5% DMSO + Pc  
3% 3
0 butyl alcohol in 5% DMSO + Pc 
1% 3
0 butyl alcohol in 5% DMSO + Pc 
11.6 
12.9 
11.8 
39.2 
11.5 
12 
13.2 
31 
 
 
6.3.2.3  Discussion 
No consistent significant differences in the phytopathogenicity of P. cinnamomi could 
be detected between control and primary, secondary or tertiary butyl alcohol 
treatments at concentrations ranging from 0 – 3%.  The lack of a clear response of 
the pathogen to the inhibitory effect of phosphatidic acid production by 1
0 butyl 
alcohol with regard to its pathogenicity may be due to PLD isoforms not being 
involved in the colonisation of plants.  Alternatively, penetration of plant material by 
vegetative hyphae (growing from the colonised disc) does not require the activity of 
PLD or the production of phosphatidic acid.   
 
6.3.3  Experiment 3:  The effect of brefeldin A on the phytopathogenicity of P. 
cinnamomi 
Brefeldin A (BFA) is a lactone antibiotic produced by fungal organisms, and it inhibits 
protein trafficking, excretion and vacuolar secretion in plant and other eukaryotic cells 
(Nebenfuhr et al., 2002).  BFA inhibits exocytosis, but allows endocytosis to occur 
resulting the accumulation of large intracellular compartments (Baluska et al., 2002).  
One of the molecular targets of BFA is the guanine nucleotide exchange factors 129 
(GEFs) that facilitate the exchange of GDP for GTP on Ras-like ptoteins and are 
positive regulators of ARFs (ADP ribosylation factors) (Helms and Rothman, 1992).  
The Ras superfamily includes Ras, Rho, Rab, Arf and Ran and is involved in a 
diverse range of biochemical activities (Zhang and Du, 2010).  As ARFs are part of 
the Ras superfamily of small (20-kDa) GTP-binding proteins they have low intrinsic 
guanosine triphosphatase (GTPase) activity and act as binary molecular switches.  
There are several classes of ARFs all of which are involved in the formation of 
membrane trafficking intermediates in the cell (for example the formation of protein 
coated vesicles and their fusion to acceptor membranes), and cytoskeletal 
organization and function (for details see Yoo et al., 2008).  Brefeldin A stabilizes the 
inactive ARF.GDP.GEF complex, inhibits the exchange of GDP for GTP (and 
therefore subsequent activation of the G-protein), and prevents the assembly of coat 
protein complexes of budding vesicles (Baluska et al., 2002).   Although this 
mechanism of inhibition of pathogenicity is different to that of 1
Obutyl alcohol on PLD, 
both reactions are implicated in the formation of vesicular-like structures (Yang et al., 
2008).  Therefore, when added to P. cinnamomi colonised discs, BFA would be 
expected to prevent the activation of members of the Ras super family (for instance 
ARFs which have been implicated in the action of phosphite (King et al., 2010)), 
inhibit phytopathogenicity and therefore prevent the colonisation of lupin seedlings.  
6.3.3.1  Materials and methods 
Lupin seedlings were grown and P. cinnamomi colonised discs were prepared as 
described previously (section 4.3). 25 µL of 0, 10, 25, 100 and 250 µM Brefeldrin A 
(Sigma, Australia) in 5% DMSO (Sigma, Australia) was added to colonised discs and 
incubated for 2 hours at 25
0C. One disc from each treatment was placed onto 
NARPH agar and grown for 48 hours at 25
0C to assess pathogen viability after 
treatment. Two inoculation bags containing ten plants each were inoculated per 
treatment and monitored as described in section 4.3.  
6.3.3.2  Results 
Treatment of P. cinnamomi colonised discs with increasing concentrations of BFA (0 
– 250 µM) reduced their pathogenicity and significantly (p< 0.00001) (Table 6.3 A) 
decreased the ability of the pathogen to produce lesions on lupin seedlings in a 
concentration dependant way (Figure 6.4 A; Figure 6.5 A-D).  Increasing the 
concentration of BFA from 0 to 250 µM significantly (p<0.001) (Table 6.3 B) 
decreased the root growth below the point of inoculation in both P. cinnamomi 130 
colonised and control discs (Figure 6.4 B) and also decreased the growth of BFA 
treated pathogen on NARPH (Figure 6.4 C).  Treatment of P. cinnamomi cultures 
with 25 µM BFA prior to inoculation significantly reduced their pathogenicity and the 
development of pathogenic lesions on lupin seedlings (Figure 6.4 A) without a 
concomitant reduction in radial growth of the pathogen on NARPH (Figure 6.4 C).  
This concentration of BFA reduced the average root growth below the point of 
inoculation to 65% of the untreated control (Figure 6.4 B and Figure 6.5 C and F).   
Infection of lupin seedlings with P. cinnamomi colonised discs that had been treated 
with concentrations of BFA demonstrated that although root growth below the point of 
inoculation with treated cultures was reduced, that plants were otherwise healthy 
(Figure 6.6 E and F). However, this shows that despite attempts at removal of excess 
BFA even trace amounts of the chemical, such as the residual from the application of 
10 µM, were able to significantly inhibit root extension in the absence of P. 
cinnamomi when compared to controls (Figure 6.4 B). 
 Table 6.3 Statistical data (Univariate tests of significance) for the effect of brefeldin A on  A. Lesion 
length(mm)  and B. Root growth (mm) below point of inoculation of L. angustifolius roots inoculated with 
treated  P. cinnamomi colonised discs. 
       A. 
Treatment  Sum of 
squares 
Degrees of 
freedom 
Mean 
square  F  P value 
Brefeldin A (µM)  5223.43  4  1305.859  19.973  0.000 
Days post inoculation  2078.69  3  692.897  10.598  0.000 
Brefeldin A (µM) and 
Days post inoculation  1512.18  12  126.015  1.927  0.029 
 
      B. 
Treatment  Sum of 
squares 
Degrees of 
freedom 
Mean 
square  F  P value 
Brefeldin A (µM)  15800  4  3958  25.82  .000 
 
6.3.3.3  Discussion 
The reduction in pathogenicity of P. cinnamomi cultures treated with brefeldin A 
(BFA) suggests that the exchange of GTP for GDP on a member of the Ras-
superfamily is essential for the infection process to occur.  This reaction is not 
necessary for vegetative grow indicating that it is likely to be specifically activated 
during pathogenesis.   131 
A. 
 
 
B. 
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Figure 6.4. The effect of brefeldin A (BFA) on (A) lesion development on lupin seedlings,  (B) root 
growth below the point of inoculation in plants inoculated with control uncolonised discs treated with 
BFA (0-250 µM) and P. cinnamomi colonised discs treated with BFA (0-250 µM).  Error bars show 0.95 
confidence intervals.  C. Growth of P. cinnamomi from colonised discs after 48 hours at 25
OC on 
NARPH after treatment with BFA at 0, 10, 25, 100 and 250 µM.  
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Figure 6.5.  L. angustifolius seedlings infected with P. cinnamomi colonised or control discs 5-days after 
inoculation.  Seedlings inoculated with (A) P. cinnamomi colonised discs treated with 0 BFA,  (B)  P. 
cinnamomi colonised discs treated with 10 µM BFA,  (C)  P. cinnamomi colonised discs treated with 25 
µM BFA,  (D)  P. cinnamomi colonised discs treated with 100 µM BFA,  (E) Seedlings sham inoculated 
with uncolonised, untreated discs,  (F)  Seedlings sham inoculated with discs treated with 25 µM BFA 
only. 
 
6.3.4  Experiment 6.4:  Does exogenous abscisic acid mitigate the suppressive 
effect of phosphite on the phytopathogenicity of P. cinnamomi? 
Abscisic acid has been shown to increase susceptibility of soybeans to infection by 
P. megasperma (Ward et al., 1989) and to increase the susceptibility of Arabidopsis 
to Pseudomonas syringae pv. tomato and the oomycete Peronospora parasitica 
(Mohr and Cahill, 2003).  Abscisic acid is a possible first messenger (ligand) in the 
signaling pathway involving the activation of G-protein coupled receptors (GPRCs), 
Ras/Arf G-proteins and PLD (Figure 6.1).  The following experiment mimics the effect 
of abiotic stress (i.e. ABA production by the plant) on the ability of P. cinnamomi to 
infect lupin seedling and investigates whether the application of exogenous ABA to 
cultures of P. cinnamomi mitigates the antipathogenic effect of phosphite and 
enables the pathogen to produce increased lesions on lupin seedlings in the 
presence of phosphite. 134 
6.3.4.1  Materials and methods 
A phytopathogenicity bioassay was set up as described under Materials and Methods 
in section 4.3, using two inoculation rolls containing ten plants each, per treatment.  A 
stock solution of 100 mM cis-trans abscisc acid (Sigma-Aldrich, Australia) was 
prepared in 100% ethanol and diluted in sterile distilled water to give concentrations 
of 1, 10 and 100 µM ABA (Gampala et al., 2001).   Phytophthora cinnamomi 
colonised discs were incubated for 2 hours at 25
0C with 25 µL each of 0, 3 and 10 
mM phosphite, blotted dry with filter paper to remove excess phosphite, and then 
incubated for a further 2 hours with 25 µL each of ABA at concentrations of 0, 1 and 
10 µM for the first experiment and with an additional ABA concentration of 100 µM for 
the second experiment.   Excess ABA was removed from the discs by touching to 
filter paper prior to inoculation of the roots of 5-day old lupin seedlings. After 
treatment of the discs, replicate discs from each treatment were placed on to NARPH 
and incubated at 25
0C for 48 hours to ensure pathogen was viable after treatments.  
The experiment was run for six days post-inoculation of seedlings. 
Statistical calculations were performed using STATISTICA (StatSoft).  A one-way 
ANOVA was used to test for significant differences between the means of each 
treatment. A Fischer LSD test was used as post hoc test for multiple comparisons 
between pairs of means.  Where necessary data was normalized by square root 
transformation.  Results were considered significant if p<0.05. 
6.3.4.2  Results 
The application of 1-10 µM  ABA to P. cinnamomi colonised discs in the presence of 
phosphite (1-3 mM) had no significant effect on the development of lesions in lupin 
seedlings (Figure 6.6 A).  However, the application of 100 µM ABA to phosphite (3 
and 10 mM) treated P. cinnamomi colonised discs significantly mitigated the 
antipathogenic effect of phosphite and increased the development of lesions (Figure 
6.6 B; Figure 6.7; Figure 6.8).  135 
 
 
Figure 6.6  Mean progressive lesion length on L. angustifolius seedling roots over six days post-
inoculation with P. cinnamomi colonised discs treated with   A. combinations of phosphite (0 – 3 mM) 
and abscisic acid (0 – 10µM) and  B.  phosphite (0 – 10 mM) and abscisic acid (0 – 100µM) .  A and B 
represent two independent replicates of the experiment as described in section 6.3.4.1. 
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Lesion length increased over time for all concentrations of phosphite (0 – 10 mM) 
and ABA (0 -100 uM) treatments (Figure 6.6). The interaction between phosphite and 
time, and phosphite, abscisic acid and time had a significant (p = 0.038) effect on 
lesion length (Table 6.4).   
Table 6.4  Statistical data for the effect of phosphite, abscisic acid and time on lesion length  
Treatment 
interactions 
Sum of 
squares 
Degrees of 
freedom 
Mean 
square 
F  p value 
Phi  4640  2  2320  1027  0.000 
ABA  98  3  33  14  .000 
Time  3513  5  703  311  0.000 
Phi & Aba  112  6  19  8  .000 
Phi  & Time  1918  10  192  85  0.000 
Aba  & Time  26  15  2  1  .728 
Phi & Aba & 
Time 
102  30  3  2  .038 
          
 
Figure 6.7.  Graph of mean lesion length at 6 days post-inoculation of L. angustifolius seedlings 
inoculated with P. cinnamomi colonised discs that had be treated with phosphite  (0 = □, 3 = █ and 10 = 
█ mM) and abscisic acid (0 – 100 uM) as indicated.  Vertical bars denote standard error from the mean.  
Different letters indicate significant (p < 0.01) differences between the possible twelve treatment 
combinations of phosphite and abscisic acid.  
In the presence or absence of ABA (0 – 100 µM) root growth below the point of 
inoculation at six days post-inoculation increased significantly (p<0.05) as phosphite 
concentration increased from 0 to 10 mM (Table 6.5).  Increasing phosphite 137 
concentration from 0 to 3 mM increased average root growth from 8.4 to 15.85 mm, 
and 10.85 to 23.15 mm (Table 6.5 A and B respectively).  In the absence of 
phosphite, increasing ABA from 0 – 100 µM, decreased root growth below the point 
of inoculation from 10.8 to 4.9 mm, and from 23.1 to 17.8 mm in the presence of 10 
mM phosphite (Table 6.5 B).  Based on the on the parameter of root growth below 
the point of inoculation the interaction between phosphite and ABA was significant 
(p<0.01).  
 
Table 6.5  Average root growth below the point of inoculation at the end of the experiment.  5-day old L. 
angustifolius seedlings were inoculated with  Phytophthora cinnamomi colonised discs treated with A. 
combinations of phosphite (0 – 3 mM) and abscisic acid (0 – 10µM) and  B.  phosphite (0 – 10 mM) and 
abscisic acid (0 – 100µM).  Results are of two independent experiments as described in the text.  
    Root growth below point of inoculation  
6-days after inoculation (mm) 
 
A. 
 
Abscisic acid 
(µM) 
 
 
0 
 
Phosphite (mM)  
1  
 
 
3  
  0  8.4  14.8  15.8 
  1  9.9  8.3  29.5 
  10  9.4  11.8  13.9 
 
    Root growth below point of inoculation  
6-days after inoculation (mm) 
 
B. 
 
Abscisic acid 
(µM) 
 
 
0 
 
Phosphite (mM)  
3 
 
 
10  
  0  10.8  15  23.1 
  1  5.3  21.8  18.9 
  10  4.9  12.4  23.6 
  100  4.9  10.9  17.8 
 
 
The number of plants with lesions at 2 days post-inoculation with P. cinnamoni 
colonised discs treated with 3 mM phosphite increased from 8 to 11 when the 
pathogen was treated with 10 mM ABA (Table 6.6 A) and from 4 to11 when treated 
with 100 µM ABA (Table 6.6 B; Figure 6.8).  A chi-square test for goodness of fit on 
data from Table 6.6 B was considered significant (p < 0.1) indicating that treatment of 
P. cinnamomi colonised discs with ABA in the presence of phosphite increased 138 
lesion length at two days post inoculation and therefore mitigated some of the 
antipathogenic effects of phosphite.  A visual example of the degree of interaction 
between the application of 3 mM phosphite and 100 µM abscisc acid to P. 
cinnamomi on the extent of subsequent lesion development is given in Figure 6.8. 
Comparison of lesions after inoculation with colonised discs treated with 3 mM 
phosphite alone (Figure 6.4 A) with lesion development after treatment with colonised 
discs treated with 100 µM abscisic acid in conjunction with 3 mM phosphite (Figure 
6.4 B) indicate that the combined effect of phosphite and abscisic acid on 
pathogenicity is greater than that of phosphite alone. 
Table 6.6  L. angustifolius seedlings with lesions at 2-days post inoculation with P. cinnamomi colonised 
discs treated with A. combinations of phosphite (0 – 3 mM) and abscisic acid (0 – 10µM) and  B.  
phosphite (0 – 10 mM) and abscisic acid (0 – 100µM) .  Results are of two independent experiments as 
described in the text. ( * plants in these samples are shown in Figure 6.8.) 
    Number of plants with lesions per treatment  
2-days after inoculation (out of 20 plants) 
 
A. 
 
Abscisic acid 
(µM) 
 
 
0 
 
Phosphite (mM) 
1 
 
 
3 
  0  18  16  8 
  1  20  17  8 
  10  18  15  11 
 
    Number of plants with lesions per treatment  
2-days after inoculation (out of 20 plants) 
 
B. 
 
Abscisic acid 
(µM) 
 
 
0 
 
Phosphite (mM) 
3  
 
 
10  
  0  17  4*  2 
  1  19  8  1 
  10  20  7  1 
  100  20  11*  2 
6.3.4.3  Discussion 
The overall trend, as shown by increased lesion length and root growth below the 
point of inoculation at 6 days post inoculation, and the number of plants developing 
lesions at two days post-inoculation, indicate that  abscisic acid (100 µM) increases 
the pathogenicity of  P. cinnamomi and partially mitigates the antipathogenic effect of 
phosphite (3 – 10 mM).  Some variation exists between the replicates of the two 
experiments.   139 
 
 
Figure 6.8.  The effect of phosphite and abscisic acid on lesion development  in L. angustifolius 
seedlings at day 3 post-inoculation with P. cinnamomi colonised discs (correspond to treatments marked 
with * in Table 6.6 B). Phytophthora cinnamomi colonised discs treated with  (A). 3 mM phosphite only 
and (B)  P. cinnamomi colonised discs treated with 3 mM phosphite and 100 µM abscisic acid.  Three 
days of lesion extension and root tip growth were tracked in blue, red or green marker pen 
corresponding to days 1, 2 and 3 post-inoculation, respectively.    
 
6.4  General Conclusions 
The activity of the G-protein and the cognate GEF inhibited by BFA appear to be 
specific to pathogenesis as normal vegetative growth was unaffected by 
concentrations of BFA (25 µM) that significantly reduced pathogenicity.  In contrast, 
the application of exogenous abscisic acid to cultures of P. cinnamomi prior to 
inoculation stimulated pathogenicity and significantly increased both the extent of 
lesion development and the number of plants infected, and reduced the anti-
pathogenic effect of phosphite.   
The involvement of the abscisic acid - phospholipase D signaling pathway in the 
phytopathogenicity of P. cinnamomi on lupin seedlings was examined by inhibition of 
phosphatidic acid production via  PLD by primary butyl alcohol, the inhibition of a 
guanine nucleotide exchange factor (GEF) activity on guanine nucleotide guanine 
nucleotide binding protein(s) by brefeldrin A (BFA), and relief of phosphite mediated 
reduction in infection by exogenous abscisic acid.   Although the generation of 
phosphatidic acid by PLD per se does not appear to be an absolute requirement for 
pathogenicity, the activity of a GEF involved in the pathogenic signaling loop was 
essential.  140 
6.4.1  Phosphatidic acid production via PLD is not required for 
phytopathogenicity of P. cinnamomi 
The production of phosphatidic acid by PLD does not appear to be necessary for the 
pathogenicity of P. cinnamomi suggesting that the isoforms of PLD in Phytophthora 
are not involved in the colonisation of plants.  Alternatively, it implies that the 
penetration of plant material by vegetative hyphae (growing from the colonised disc) 
does not require the activity of PLD to produce phosphatidic acid.  The infection of 
plant cells by Phytophthora zoospores or vegetative hyphae can be assumed to 
proceed by similar mechanisims once the pathogen and host have come into contact 
(Hardham, 2005; 2007).  However, the differentiation and encystment of zoospores 
are not required in the latter mode of infection and therefore PLD activity in this 
instance may be redundant.  Meijer et al. (2011) found that P. infestans contains a 
secreted PLD subfamily with extracellular activity that may be necessary for 
pathogenicity.  This PLD isoform was isolated from EST’s derived from mycelia 
libraries and its activity was tested using 2% propanol instead of butyl alcohol (a fact 
that was not known at the time of the current experiment) raising a possibility that the 
type of primary alcohol used may be important when inhibiting PLDs in Phytophthora 
spp. Alternatively, the concentration of primary butyl alcohol competing with water as 
a substrate was not high enough to inhibit PLD to a sufficient extent to prevent 
pathogenesis (Munnik et al., 1995).   
Primary alcohols, including ethanol, are able to activate PLD via their G-proteins, and 
can be used as substrates for measuring the transphosphatidylation activity of PLD 
(Munnik et al., 1995).  Ethanol also has an activating effect on G-proteins generally 
and may activate other signaling pathways (ibid).  This is of interest, as to prevent 
cross-contamination of the different treatments of P. cinnamomi colonised discs and 
to minimize growth of opportunistic microorganisims, 70% ethanol was used to 
disinfect surfaces, glove and implements used in the inoculation of lupin roots.  
Although the use of ethanol was kept to a minimum, it is possible, particularly during 
the longer experiments, that some effect was caused.   
To confirm that phosphatidic acid is not required for pathogenicity, phosphatidic acid 
could have been added exogenously to phosphite treated cultures of P. cinnamomi.  
If phosphatidic acid were necessary for the infection of plant cells then 
phytopathogenicity of P. cinnamomi treated cultures would have been expected to 
increase in a concentration dependent manner.   However, given the homogeneity of 
response of the bioassay to a wide range of 1
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decided that an alternative approach to inhibition of PLD may be more fruitful.  As 
PLD activity and the production of phosphatidic acid have been implicated in the late-
stage of formation of vesicular-like structures (Yang et al., 2008), inhibition of this 
process with specific inhibitor, brefeldrin A, was tested.  
6.4.2  Brefeldin A inhibits pathogenicity 
When added to mammalian, yeast or plant cells brefeldin A causes a block in 
intracellular protein trafficking from the endoplasmic reticulum to the Golgi apparatus, 
as well as distortions in the morphology of endosomes and lysosomes suggesting 
that BFA-sensitive ARF-GEFs are involved in these processes (Baluska et al., 2002).  
Most of the information regarding the presence of signal transduction networks and 
the effect of various inhibitors has been extrapolated from bacterial and mammalian 
systems (Nebenfuhr et al., 2002) and although Phytophthora biochemistry is often 
likened to that of plants and fungi, there are clearly differences that cannot be 
reconciled with any one model of signaling response and behavior.  However, the 
specific concentration dependent inhibitory effect of BFA on the phytopathogenicity of 
P. cinnamomi cultures would suggest that the activity of a BFA-sensitive GEF is 
essential for pathogenesis.   
In this thesis pathogenicity is regarded as the reactions that occur after pathogen and 
host have come into close physical contact, such as penetration of roots by 
vegetative hypaha or germ tubes produced by cysts.  It cannot take into account the 
effect that BFA may be having on the pathogenic processes up-stream of this (for 
example zoosporangiogenesis or zoospore motility) because, under the conditions of 
the bioassay, it cannot be assumed that these processes need to occur for an 
infection to be established. King et al. (2010) investigated the transcriptional changes 
induced in P. cinnamomi by phosphite and found that the most strongly up-regulated 
genes encoded ADP ribosylation factors (ARFs).   Their GTPase activity, and 
subsequent function, is likely to be affected by the inhibition of exchange of guanine 
nucleotides by sequesteration of GEF by BFA in an inactive complex (Figure 6.1).  
Guanine nucleotide binding proteins and G-protein coupled receptors (GPRCs) are 
involved in ABA-PLD signaling, however their precise temporal and spatial placement 
within the pathway is difficult given the lack of information regarding Phytophthora 
biochemistry.  Recently a gene encoding a putative seven-transmembrane GPRC 
has been characterized in P. sojae (Wang et al., 2010). The gene was upregulated in 
zoospores and during early infection.  As with the BFA treated P. cinnamomi 142 
colonies, silenced transformants  exhibited no difference in hyphal growth, but were 
severely compromised in their ability to produce disease.  This suggests that the G-
protein inhibited by BFA in P. cinnamomi may be coupled to a receptor. 
Although BFA inhibits trafficking from endosomes to the plasma membrane in 
Arabidopsis, the trafficking of proteins from the plasma membrane to the endosomes 
has been shown to be sensitive to BFA resulting in the internalization of proteins that 
would otherwise constitutively cycle between the membrane and internal endosomes 
(Paciorek et al., 2005). This means that the downstream effect of BFA is inhibition of 
exocytosis.  If the function of BFA in Arabidopsis can be extrapolated to that in 
Phytophthora then it may be that exocytosis per se is an essential part of the 
pathogenic process.  In retrospect it would have been wise to test whether the 
combined effects of BFA and phosphite on pathogenicity were additive or synergistic 
as this may have given some insight into the relative effect of each chemical on the 
inhibition G-protein (Arf) recycling.   
6.4.3  Exogenous abscisic acid increases the pathogenicity of P. cinnamomi and 
partially mitigates the effect of phosphite 
Abscisic acid is a ubiquitous molecule whose role has evolved and adapted to suit 
the environments and lifestyles of many diverse organisms (Nambara and Kuchitsu, 
2011).  As droughted Arabidopsis plants are more susceptible to infection by 
phytopathogens (Ward et al., 1989; Mohr and Cahill, 2003), it is likely that ABA does 
influence pathogenesis, though the results of the experiments in this chapter suggest 
that the presence of this “ancient” molecule may be contributory, but not causal, to 
the phytopathogenic process in P. cinnamomi.  However, of interest is the fact that 
ABA in plants is also produced in response to cold stress, raising the possibility of 
mechanistic link between the cold shocking of sporangia to co-ordinate zoospore 
release. This is also in keeping with the finding by Nagamune et al., (2008) that 
abscisic acid controls the calcium-dependent egress and development in T. gondii.  
ABA concentrations in drought stressed plants are usually elevated (Dey and 
Harborne, 1997) and therefore it would be expected that if ABA is needed for 
infection that droughted plants would be more prone to develop lesions. Cahill et al. 
(1985, 1986) found that cytokinin levels in E. marginata and E. sieberi infected with 
P. cinnamomi were drastically reduced and that the secondary symptoms observed 
in the shoots resembled those of normally associated with an increase in ABA.   
Additionally, root-rot of citrus caused by P. parasitica was also shown to increase 143 
with increasing salinity (Blaker and MacDonald, 1986).   These findings causally link 
the observation that stressed plants are more susceptible to disease. On the other 
hand, drought stressed plants have also been found to be less susceptible to 
infection; for example   drought stressed E. sieberi infected with P. cinnamomi 
produced smaller pathogenic lesions than their water sufficient controls (Smith and 
Marks, 1985).  The reason for this has been suggested to be an inhibition of 
Phytophthora growth in planta due to the decrease in water potential, as high plant 
and soil water potentials are needed for initial infection and lesion development, 
respectively.  Clearly there is still much to learn about the role of ABA in plants and 
the effect on their response to invading pathogens.   
6.4.4  Does P. cinnamomi produce abscisic acid de novo? 
The work in this chapter is incomplete regarding whether P. cinnamomi is capable of 
synthesizing abscisic acid de novo or merely responding to exogenous abscisic acid 
produced by the plant.  Although it was possible to design an experiment to test 
whether ABA is produced by P. cinnamomi under varying nutritional conditions (both 
in the presence and absence of phosphite), it was not possible to analyze extracts of 
the samples on a suitably sensitive instrument, i.e. a GC - mass spectrophotometer.  
Whether P. cinnamomi infection itself induces the synthesis of ABA in planta (as 
does P. syringae) is still to be resolved, as is the question of whether or not drought 
increases susceptibility to Phytophthora due to ABA production suppressing salicylic 
acid-mediated induction of SAR, or if it is a result of a “”starvation response”” on 
behalf of the pathogen.  Furthermore, endogenous ABA production by the pathogen 
may  not only be necessary for host infection but, once infected, may cause the plant 
itself to synthesize ABA due to the positive feedback that the hormone has been 
shown to have on its own biosynthesis (Cao et al., 2011).   
It is not known whether Phytophthora cinnamomi  synthesises ABA de novo, and if it 
does, is ABA  signaling necessary for phytopathogenicity, as has recently been 
shown in T. gonodii (Nagamune et al., 2008)? Likewise, an absence of endogenous 
ABA biosynthesis by P. cinnamomi does not preclude the organism from responding 
to an exogenous ABA signal of plant origin. Fluridone inhibits ABA synthesis by 
inhibiting phytoene desaturase activity and therefore preventing synthesis via the 
indirect pathway that predominates in plants.  The application of exogenous fluridone 
to cultures of P. cinnamomi would be an indirect way of answering this question.     144 
If indeed the inhibition abscisic acid biosynthesis is linked to the increased resistance 
of phosphite-treated plants to infection by P. cinnamomi, how would this occur?   We 
know that phosphite treated mycelia of P. palmivora contains 30-fold higher 
concentrations of pyrophosphate than untreated controls.  We also know that the 
biosynthesis of ABA via the terpenoid pathway produces pyrophosphate as a product 
of the conjugation reactions catalysed by FPPS and  GPPS.   Product inhibition of 
enzymic reactions is assumed unless proven otherwise (Cornish-Bowden, 1976).  
Therefore, a biochemical consequence of treating Phytophthora mycelia with 
phosphite could be inhibition of ABA synthesis. 
The signaling pathway initiated by ABA causes a cascade of biochemical events that 
inter alia involve the activation PLD as well as the release of calcium ions from 
internal stores.  Calcium ions are known to be a second messenger necessary for 
transduction of the signals to various parts of the cell via calcium dependent protein 
kinases, phosphatases, calcium binding proteins and calcium dependent ion 
channels (Lehninger, 2008).  Internal calcium ion concentration is highly regulated 
and a specific concentration of calcium ions is necessary for the initiation and 
implementation of many processes, for example zoosporangiogenesis (Erwin and 
Riberio, 1983).  The inclusion of high levels of calcium ions in sporulation media and 
supplementation of soil with various calcium salts has been shown to reduce the 
incidence of disease caused by Phytophthora spp. on susceptible plants.  In Chapter 
7, I therefore decided to examine the role of this divalent cation in the pathogenic 
process of P. cinnamomi and investigate any possible interactions it may have with 
phosphite. 
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7 :  Perturbation of calcium ion 
signaling in Phytophthora 
cinnamomi decreases its 
pathogenicity towards Lupinus 
angustifolius, and enhances the 
effect of phosphite. 
7.1  Summary 
The similarity of the protective effects of applying either phosphite or calcium salts to 
plants that are susceptible to Phytophthora spp. suggests that there may be some 
synergy in their mechanism of action.  A P. cinnamomi - L. angustifolius pathosystem 
was used to investigate the effect of applying calcium salts, calcium channel 
blockers, and a calcium chelator to the pathogen prior to plant inoculation. The 
interaction of these treatments, with and without simultaneous application of 3 mM 
phosphite, was examined.  Perturbing pathogen calcium signaling with exogenously 
applied calcium salts (30 mM), calcium channel blockers (100 µM) or EGTA (3 mM) 
reduced the pathogenicity of P. cinnamomi on lupin seedling roots.  When the 
calcium channel blockers ruthenium red (100 µM) and lanthanum chloride (1 mM), or 
EGTA (3 mM) were used in conjunction with phosphite (3 mM), the inhibitory action 
was greater than additive.  This suggests that there may be some mechanistic 
overlap between the action of calcium ions and the site of action of phosphite in P. 
cinnamomi.  A mechanism involving inhibition of calcium-dependent ATPases by 
phosphite and pyrophosphate, and the subsequent disruption of calcium ion signaling 
is discussed. 
7.2  Introduction 
The rapid and dramatic changes in cytosolic calcium ion concentrations, known as 
calcium signatures, are a vital part of the signal transduction pathways that enable 
cells to respond to environmental and developmental cues that are necessary for 
survival (Lehinger, 2008).  These calcium signatures are responsible for initiating 
events as diverse as stomatal closure in response to abscisic acid (ABA) in plants 
(Hirayama and Shinozaki, 2007), and exocytosis due to stimulation of PLD in 146 
neuroendocrine cells (Vitale et al., 2002).  When calcium ions are included in soil or 
irrigation solutions, plants infected with Phytophthora show increased resistance to 
disease as judged by symptom development and time to death (von Broembsen and 
Deacon, 1997; Sugimoto et al., 2008; Serrano et al., 2012).  However, there is 
debate over whether the control of disease by calcium ions is primarily a result of 
calcium stimulating plant defense (defense priming) (Sugimoto et al., 2008), or 
inhibition of sporangiogenesis in Phytophthora spp. (Messenger et al., 2000; Serrano 
et al., 2012), or a combination of both (Sugimoto et al., 2008). 
Despite significant differences in charge, size and function, calcium ions and 
phosphite ions have similar effects on Phytophthora, various fungi and plants (Table 
7.1), suggesting that there may be some overlap in the biochemical pathways that 
they perturb.  For example both calcium ions and phosphite inhibit sporangiogenesis 
in Phytophthora spp. (Farih et al., 1981; Coffey and Joseph, 1985) and cause 
increased phytoalexin production in plants (Blume et al., 2000; Suddaby et al., 2008).  
The similar effects of calcium and phosphite infers that there may be some 
commonality in the mechanism(s) by which these ions interfere with the ability of P. 
cinnamomi to infect plants and suggests that some mechanistic synergy exists that 
could be exploited by treating plants with both chemicals simultaneously.  
The aim of the experiments in this chapter was to investigate a possible link between 
the mechanism of action of phosphite and the ability of calcium ions to inhibit the 
growth of P. cinnamomi in planta.  Bioassays were conducted using an L. 
angustifolius and P. cinnamomi pathosystems to investigate the interaction between 
increases and decreases in cellular concentrations of calcium ions and phosphite on 
the phytopathogenicity of P. cinnamomi.   Calcium chloride, calcium sulphate and the 
calcium channel blockers, lanthanum chloride and ruthenium red, and the calcium 
chelator EGTA were used to perturb calcium signaling in the pathogen (Table 7.2).  
These were applied separately, and in conjunction with 3 mM phosphite, and their 
effect on lesion development and root growth was assessed.    
7.3  General materials and methods 
Unless stated otherwise, the methods followed are described under general materials 
and methods in section 4.3.  Chemicals were applied to P. cinnamomi colonised 
discs as indicated in Table 7.2, and are described in the relevant sections. 147 
Analysis of variance (ANOVA) was used to examine the relationship between the 
categorical predictor (independent) variable of applied chemical on the dependent 
variables of either lesion length over time or the root growth below the point of 
inoculation with P. cinnamomi colonised discs.  Statistical calculations were 
performed using STATISTICA (StatSoft).  All analysis used a significance level of 
0.05.  Where significant effects (interactions) were found, univariate analysis and 
post-hoc tests were performed to determine the significance of the results.   
 
Table 7.2: Treatment regime of P. cinnamomi colonised discs with calcium salts, calcium channel 
blockers and EGTA.  
  Chemical treatment 
CaSO4.2H2O 
(mM) 
# 
CaCl2 
(mM) 
#
 
Ruthenium red 
(µM) * 
Lanthanum chloride 
(mM) * 
EGTA (mM) * 
Final concentration 
of chemical on disc 
 
0,  3, 10, 30 
 
0,  0.1, 
0.3, 1, 3, 
10, 30 
 
0.1, 1 
 
0.1, 1 
 
3, 10 
Volume added to 
disc 
100 µL  100 µL  50 µL  50 µL  50 µL 
Effect of treatment  Increases 
external Ca
2+ 
Increases 
external 
Ca
2+ 
Prevents Ca release 
from internal stores, 
decreases cytosolic 
Ca
2+  
Inhibits Ca
2+ entry 
across plasma 
membranes, decreases 
cytosolic Ca
2+ 
Chelates Ca
2+, 
removes 
external Ca
2+ 
Phosphite 
treatment, final 
concentration on 
disc 
 
0 
 
0 
 
0, 3 mM 
 
0, 3 mM 
 
0, 3 mM 
 
*  P. cinnamomi colonised discs were incubated with the indicated volumes of the calcium treatments for one hour at 
25
0C.  22 µL of sterile phosphite solution (10 mM) or sterile deionised water was then added to the disc and 
incubated for a further 2 hours at 25
0C. 
#  P. cinnamomi colonised discs were incubated with 100 µL of sterile calcium solution for 2 hours at 25
0C. 
7.3.1  Experiment 7.1:  The effect of calcium chloride and calcium sulphate on the 
pathogenicity of P. cinnamomi 
This experiment aimed to test if exogenous application of calcium ions to mycelia of 
P. cinnamomi will affect its ability to infect and colonise lupin seedlings.  
7.3.1.1  Materials and methods 
Bioassays consisting of a pathosystem between L. angustifolius and P. cinnamomi 
were set up as described in section 4.3.  Briefly, GF/B filter paper discs (Whatman, 148 
Australia) were colonised with P. cinnamomi isolate 94.48 (Murdoch culture 
collection).  Two bags containing 10 five-day old lupin seedlings each were used for 
each chemical treatment.  Phosphite was not applied to the discs that had been 
treated with calcium salts as this would have resulted in an insoluble calcium 
phosphite precipitate.  After incubation with the chemical, discs from each treatment 
were placed onto NARPH and incubated at 25
oC for 48 hours to ensure pathogen 
was viable after treatments.  The experiment continued for 6 days post-inoculation 
with treated P. cinnamomi colonised discs.  The bioassays with CaSO4.H2O and 
CaCl2 were repeated once.  Although calcium nitrate is more soluble than calcium 
sulphate it was not used as it may have affected plant nutrition. 
7.3.1.2  Results 
Calcium chloride (100 mM) and calcium sulphate (30 mM) treatment of P. cinnamomi 
colonised discs significantly (p<0.05) reduced the pathogens ability to colonise 5-day 
old lupin seedling roots when compared to non-treated control discs (Figure 7.1 A 
and B; Tables 7.3 A and 7.4 A).  The mean lesion length six days post-inoculation 
was reduced by 50% over control levels with 100 mM calcium chloride, and by 30% 
with 30 mM calcium sulphate.  
There were small differences in the root growth below the point of inoculation 
between the different concentrations of calcium chloride treatments; however, the 
differences were not significant (Tables 7.3 B and 7.4 B) and did not correlate with 
the mean lesion length produced by the pathogen at the end of the experiment 
(Figure 7.2).  The reduction in lesion length caused by application of 30 mM calcium 
sulphate to P. cinnamomi colonised discs did not correspond to a significant increase 
in root extension when compared to plants that had been inoculated with non-treated 
colonised discs.  149 
 
Figure 7.1  The effect of  A. calcium chloride (0 -100 mM) and B. calcium sulphate (0 – 30 mM) 
treatment on the ability of P. cinnamomi to infect L. angustifolius seedlings.  Lesion lengths (mm) are 
plotted against days post-inoculation.  There were 20 plants in each treatment group. Error bars show 
0.95 confidence intervals.  150 
 
Figure 7.2.  The effect of A. calcium chloride (0-100 mM) and B. calcium sulphate (0-30 mM) treatments 
of P. cinnamomi colonised discs on the root growth (mm) below the point of inoculation of L. 
angustifolius roots 6 days post-inoculation.  There were 20 plants in each treatment group. Error bars 
show 0.95 confidence intervals.  
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Table 7.3 Statistical data (Univariate tests of significance) for the effect of calcium chloride on  A. Lesion 
length(mm)  and B. Root growth (mm) below point of inoculation of L. angustifolius roots inoculated with 
treated  P. cinnamomi colonised discs. 
       A. 
Treatment  Sum of 
squares 
Degrees of 
freedom 
Mean 
square  F  P value 
CaCl2 (mM)  7755  3  2585.1  9.299  0.000 
Days post inoculation  39642  4  9910.5  35.653  0.000 
CaCl2 (mM) and Days 
post inoculation  1314.8  12  109.6  0.394  0.965 
      B. 
Treatment  Sum of 
squares 
Degrees of 
freedom 
Mean 
square  F  P value 
CaCl2 (mM)  15800  4  3958  25.82  0.000 
 
 
Table 7.4 Statistical data (Univariate tests of significance) for the effect of calcium sulphate on  A. 
Lesion length (mm)  and B.  Root growth (mm) below point of inoculation of L. angustifolius roots 
inoculated with treated  P. cinnamomi colonised discs. 
       A. 
Treatment  Sum of 
squares 
Degrees of 
freedom 
Mean 
square  F  P value 
CaSO4 (mM)  9674  3  3225  30.1  0.000 
Days post inoculation  149000  4  37300  347.5  0.000 
CaSO4 (mM) and Days 
post inoculation 
4278  12  356  3.3  0.000 
      B. 
Treatment  Sum of 
squares 
Degrees of 
freedom 
Mean 
square  F  P value 
CaSO4 (mM)  4636.012  1  4636.012  184.716  0.000 
 
7.3.1.3  Discussion 
The application of either calcium chloride (100 mM) or calcium sulphate (30 mM) to 
P. cinnamomi colonised discs prior to inoculation of five-day old lupin seedlings 
significantly reduced lesion development.  Higher concentrations of calcium sulphate 
were not used as the salt is poorly soluble in water, 2.5 gL
-1 at 25
0C, approximately 
equivalent to a 15 mM solution.  The implications of calcium salts reducing the 
pathogenicity of P. cinnamomi are discussed further in section 7.4.  152 
 
7.3.2  Experiment 7.2:  The effect of calcium channel blockers, EGTA and 
phosphite on the pathogenicity of P. cinnamomi  
This experiment aimed to determine whether or not the calcium channel blockers 
ruthenium red and lanthanum chloride, and the Ca
2+ chelator EGTA alter the ability of 
P. cinnamomi to infect lupins and whether or not the application 3 mM phosphite 
enhances this effect.   
7.3.2.1  Materials and methods 
Fifty µL of each inhibitor or EGTA was applied per colonised disc as indicated in 
Table 7.2.  Discs were incubated at 25
0C for one hour, after which time 22µL of 10 
mM phosphite was added to half the discs in each treatment to give a final 
concentration of 3 mM phosphite.  The remainder received 22 µL of deionised water.  
All discs were incubated at 25
0C for a further two hours.  Discs were then touched to 
absorbent filter paper (Whatman No1) to remove excess liquid, rinsed in sterile 
deionised water (25
0C) for 2 minutes to remove unabsorbed chemical, blotted dry 
with filter paper and then placed onto the root tips of 5-day old lupin seedlings. There 
were ten plants in each treatment group. The effect of the chemicals on the 
pathogenicity of P. cinnamomi was assessed daily for seven days by measuring 
lesion length extension, and root growth below the point of inoculation. One disc from 
each treatment was placed onto Phytophthora selective medium (NARPH) to assess 
pathogen viability after chemical treatment.   
7.3.2.2  Results 
Phosphite potentiated the antipathogenic effect of all treatments in reducing the 
development of lesions on lupin seedlings (Figure 7.3; Figure 7.4).  The application of 
3 mM phosphite solution to P. cinnamomi colonised discs reduced infection in lupin 
seedlings when compared to non-treated controls (Figure 7.4, A), however the effect 
was not significant.  Combining 3 mM of the calcium ion chelator, EGTA, with 3 mM 
phosphite reduced the incidence of lesion development significantly (p< 0.05) when 
compared to lesion development in the presence of 3 mM EGTA alone (Figure 7.4, 
B; Table 7.5).  The application of 10 mM EGTA alone did not affect lesion 
development when compared to controls; however 10 mM EGTA in combination with 
3 mM phosphite inhibited lesion development to the same extent as 3 mM EGTA and 
3 mM phosphite (Figure 7.3).  Combining 3 mM phosphite with 100 µM ruthenium red 153 
reduced lesion development significantly (p<0.05) (Table 7.5 C; Figure 7.4, B).  The 
application of 1 mM ruthenium red, in the presence or absence of phosphite, was 
lethal to the pathogen i.e. no lesions developed on lupin seedlings and no pathogen 
was recovered from treated discs (data not shown).  The effect of 100 µM lanthanum 
chloride in the presence of 3 mM phosphite also reduced lesion development when 
compared to controls (Figure 7.4, D).  However, as with EGTA, increasing the 
concentration of lanthanum chloride to 1 mM did not reduce lesion development, 
although incubation of pathogen with 1 mM lanthanum chloride with 3 mM phosphite 
reduced lesion development to the almost same level as the combined treatment with 
100 µM lanthanum chloride and 3 mM phosphite.   
Root growth below the point of inoculation with P. cinnamomi colonised discs 
increased significantly (p<0.05) when either EGTA (10 mM) or lanthanum chloride (1 
mM) were applied in conjunction with 3 mM phosphite (Table 7.5 B and D) 
Phytophthora mycelia grew out from all discs treated with a single chemical or with 
the  chemical combined with phosphite, when they were placed onto Phytophthora 
selective medium (NARPH), except for discs treated with 1 mM ruthenium red, with 
or without phosphite, where no growth occurred after 48 hours indicating that the 
pathogen had been killed (data not shown). 
 154 
             
 
Figure 7.3  The relative effects of the calcium chelator, EGTA and the calcium channel blockers 
ruthenium red(RR) and lanthanum chloride (LaCl) on the development of lesions on L. angustifolius 
roots inoculated with  P. cinnamomi colonised discs in the presence and absence of 3 mM phosphite. 
Number in left-hand corner is the percentage of plants infected at 5 days post-inoculation. There were 
10 plants in each treatment group. 155 
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Figure 7.4.   The effect of the calcium channel blockers ruthenium red and lanthanum chloride, and the 
calcium chelator, EGTA , on the development of lesions on L. angustifolius roots root 6 days after 
inoculation of L. angustifolius seedlings with P. cinnamomi  colonised discs in the presence and 
absence of 3 mM phosphite.   All treatments were carried out as described in section 7.3.2.   A. Lesion 
development after inoculation with P. cinnamomi colonised discs treated with sterile deionised water 
water or 3 mM phosphite.  B.  Colonised discs treated with EGTA (3 and 10 mM) in the presence and 
absence of 3 mM phosphite.  C. Colonised discs treated with ruthenium red (100 µM and 1 mM) in the 
presence and absence of 3 mM phosphite.  D. Colonised discs treated with lanthanum chloride (100 µM 
and 1 mM) in the presence and absence of 3 mM phosphite.  Error bars show 0.95 confidence intervals. 157 
 
Figure 7.5. The effect of the calcium channel blockers ruthenium red and lanthanum chloride and the calcium chelator, EGTA , on the root growth below the point of inoculation 
(mm) 6 days after inoculation of L. angustifolius seedling with P. cinnamomi in the presence and absence of 3 mM phosphite.  All treatments were carried out as described in 
section 7.3.2.   A.  Root growth (mm) below the point of inoculation with P. cinnamomi colonised discs treated with sterile deionised water water or 3 mM phosphite.  B.  Root 
growth after inoculation with discs treated with EGTA (3 and 10 mM) in the presence and absence of 3 mM phosphite.  C. Root growth after inoculation with discs treated with 
ruthenium red (100 uM and 1 mM) in the presence and absence of 3 mM phosphite.  D. Root growth after inoculation with discs treated with lanthanum chloride (100 uM and 1 
mM) in the presence and absence of 3 mM phosphite. Error bars show 0.95 confidence intervals           158 
Table 7.5 Statistical data (Univariate tests of significance) for the effect of calcium sulphate on lesion 
length (mm)  L. angustifolius roots inoculated with treated  P. cinnamomi colonised discs. A. Control and 
phosphite;  B. EGTA and phosphite;  C. Ruthenium red and phosphite; D. Lanthanum chloride and 
phosphite 
      A. 
Treatment  Sum of 
squares 
Degrees of 
freedom 
Mean 
square  F  p value 
Phosphite   1728.72  1  1728.72  7.438  0.006 
Days post inoculation  40841.55  4  10210.39  43.936  0.000 
Phosphite and Days 
post inoculation 
532.03  4  133.01  0.572  0.683 
 
      B.  
Treatment  Sum of 
squares 
Degrees of 
freedom 
Mean 
square  F  p value 
EGTA  20621.39  3  6873.80  36.2812  0.000 
Days post inoculation  32629.94  4  8157.48  43.056  0.000 
EGTA and Days post 
inoculation 
10255.16  12  854.60  4.5107  0.000 
 
      C.  
Treatment  Sum of 
squares 
Degrees of 
freedom 
Mean 
square  F  p value 
Ruthenium  3000.95  3  1000.316  31.755  0.000 
Days post inoculation  1260.93  4  315.234  10.007  0.000 
Ruthenium and Days 
post inoculation 
2173.67  12  181.139  5.750  0.000 
 
     D. 
Treatment  Sum of 
squares 
Degrees of 
freedom 
Mean 
square  F  p value 
Lanthanum  11479.39  3  3826.46  17.654  0.000 
Days post inoculation  34728.17  4  8682.04  40.056  0.000 
Lanthanium and Days 
post inoculation 
4435.69  12  369.64  1.705  0.063 
7.3.2.3  Discussion 
The application of ruthenium red (100 µM and 1 mM) had the most dramatic effect on 
the pathogenicity of P. cinnamomi, with a significant (p<0.05) reduction in lesions at 
100 µM and no lesions occurring in plants inoculated with colonised discs treated 159 
with 1 mM ruthenium red, in either the absence or presence of 3 mM phosphite.  
Ruthenium red is a polycationic dye used as a specific stain for anionic glycosylated 
polymeric substances (Fassel and Edmiston, 1999).  It is a potent inhibitor of 
ryanodine receptors that are involved in the release of calcium ions from intracellular 
storage and which are responsible inter alia for secretion.  Ruthenium red is also a 
non-competitive inhibitor of the mitochondrial calcium uniporter (uptake) and inhibits 
the release of calcium ions from the sarcoplasmic reticulum (Xu et al., 1999; Bae et 
al., 2003).  Uptake of calcium ions into the germ tubes of 6-hour old germination 
tubes of P. infestans is an energy dependent process and is inhibited by  ruthenium 
red and lanthanum chloride (1 µM) (Okorokov et al., 1978).  Sysuev et al., (1978) 
showed that ruthenium red (0.01-0.1 mM) considerably decreased pyrophosphatase 
activity in P. infestans. 
Plant defense is known to be activated by calcium ions (Du et al., 2009) which 
precedes the release of ROS via activation of membrane bound NADPH oxidase.  In 
the presence of a calcium ion chelator and channel blockers, such as those used 
here, plant defense would be expected to be inhibited.  This does not occur with the 
application of 3 mM EGTA, but does occur when 10 mM EGTA is applied in the 
absence of phosphite.  Care was taken to remove unabsorbed chemical by rinsing 
and blotting of the colonised discs and it is unlikely that at the lower concentrations 
the calcium salts, calcium chelator or the calcium channel blockers would have 
affected the plant cells after application of the discs.  However, in the case of the 
higher concentrations of EGTA (10 mM) it is possible that residual chemical may 
have remained to chelate sufficient calcium ions at the inoculation point, and 
negatively affected plant defense, a possibility that is confirmed by significant 
inhibition of the root growth below point of inoculation in this treatment.   The higher 
concentrations of lanthanum chloride (1 mM) and ruthenium red (1 mM) also 
significantly reduced the root growth below the point of inoculation when compared to 
the respective lower amounts.  This implies that, in the absence of phosphite, a 
healthy plant defense system is (at least partly) responsible the reduction in lesion 
length seen at the lower concentrations (100 µM) of lanthanum chloride and 
ruthenium red.  At the higher concentration, the negative effect of these chemicals on 
plant defense is more than mitigated by the application of 3 mM phosphite 
suggesting not only that the most important site of action of phosphite is in the 
pathogen, but that its presence is able to compensate for a crippled plant defense 
response. 160 
 
7.3.3  Experiment 7.3:  The effect of combined phosphite and calcium ion 
concentration on the growth of P. cinnamomi in vitro  
The aim of this experiment was to investigate whether pathogen growth could be 
reduced by treatment combinations of phosphite and calcium ions to a greater extent 
than could be achieved by applying either calcium or phosphite alone.  In vitro 
studies also allowed higher, non physiological, concentrations of calcium ions and 
phosphite to be applied to P. cinnamomi than would otherwise have been the case if 
a bioassay involving plant material had been used.  
7.3.3.1  Materials and methods 
Phytophthora cinnamomi colonised discs were grown on V8 medium for 10 days as 
described in section 4.3.   V8 medium was assayed to ensure that P. cinnamomi was 
grown under controlled calcium ion and phosphate concentrations.  Briefly, V8 
medium was filtered through a 22µM filter (Millipore, Australia) and analyzed on a 
Varian (Vista AX) ICP-AES CCD simultaneous for calcium and phosphate ions.  
(Determination of elements in waters and other appropriate solutions by ICP-AES, 
Marine and Freshwater Reaseach Laboratory Method: ICP 001 instrument).   Discs 
were then incubated in 0, 1, 3 and 10 mM phosphite solutions at 25
0C for 3 hours.  
Phosphite treated discs were transferred aseptically to 24-well micro titer plates 
containing 2 mL of sterile V8 liquid medium that had been supplemented with sterile 
calcium sulphate at final concentrations of 0, 1, 3 and 10 mM or calcium nitrate 
solutions at final concentrations of 0, 1, 3, 10, 30 and 100 mM.  Final pH of all media 
was 6.0.  Each treatment contained six replicates.  Microtitre plates were incubated 
at 25
oC for 48 hours then viewed under the microscope for differences in morphology 
and growth. This experiment was not repeated. 
7.3.3.2  Results 
The concentration of calcium and phosphate ions in V8 medium was assayed to be 
1.05 mM and 0.58 mM, respectively.  Increasing the concentration of calcium nitrate 
from 3 to 100 mM had a small, but visible effect on the density of the hyphae growing 
from the discs (Figure 7.6). No clear microscopic differences in hyphal morphology 
could be seen between the calcium nitrate (0 – 100 mM) treatments in either the 
absence or presence of phosphite (1 -10 mM) at x 40 magnification (data not shown).   161 
        
Figure 7.6  A representative sample of phosphite (0 – 10 mM) and calcium nitrate (3 and 100 mM) 
treated P. cinnamomi colonised discs after 48 hours growth in V8 liquid medium at 25
oC.   
 
7.3.3.3  Discussion 
The results of this experiment showed that P. cinnamomi isolate MP94.48 is able to 
tolerate and grow in considerably higher concentrations of external calcium ions than 
expected when compared to the effect that calcium has on the pathogenicity of the 
organism (Figure 7.1).  These data are applicable to field trials where foliar phosphite 
application would precede augmentation of the soil with a suitable calcium ion 
source, such as calcium sulphate, nitrate or carbonate. As the simultaneous 
application of both calcium and phosphite ions to colonised discs would likely result 
in precipitation of insoluble calcium phosphite and confuse any result, no bioassay 
was done to determine whether the action of external calcium sulphate, or calcium 
chloride, could be enhanced by phosphite.  Phosphite can only be sprayed onto 
lupins and absorbed once leaves have fully expanded, meaning that plants would be 
about 3 weeks old at inoculation and may have developed age-related resistance to 
P. cinnamomi (Hong and Hwang, 1998).  In lieu of a pathogenicity assay it was 
decided to investigate the interaction of phosphite and calcium ions by incubating P. 
cinnamomi colonised discs with phosphite solutions for two hours, followed by 
incubation with calcium ions for a 48 hours in vitro.  162 
7.4  General conclusions 
Perturbing pathogen calcium signaling with calcium salts (30 mM), calcium channel 
blockers (100 µM) or EGTA (3 mM) reduced the pathogenicity of P. cinnamomi on 
lupin seedling roots.  This suggests that cytosolic calcium ion concentrations, as well 
as changes in cytosolic concentration profiles brought about by the rapid release of 
calcium ions from internal calcium stores, and influx from the external environment, 
are involved in the pathogenic process necessary for P. cinnamomi to cause disease 
symptoms in susceptible host plants.  When the calcium channel blockers ruthenium 
red, or EGTA were used at low concentrations in conjunction with phosphite, the 
inhibitory action appears to be more than would have been expected if the effects 
were additive, i.e. the effect of applying a combined treatment was greater than the 
sum of the individual treatments.  This suggests that there may be some mechanistic 
interaction between the action of calcium ions and the site of action of phosphite in P. 
cinnamomi. 
Interpreting these results in terms of the underlying mechanism(s) of phosphite is 
uncertain as a lack of knowledge about the biochemical interaction of calcium 
signaling and phosphite action in P. cinnamomi only allows us to speculate about the 
mechanistic synergy of the relationship between the two (Greco et al., 1996).  
However, when these data are considered together with the inhibition of 
phosphatases by phosphite, and the subsequent accumulation of pyrophosphate, the 
results suggest a biochemical model involving the inhibition of calcium-dependent 
ATPase pumps.  A mechanistic overlap between calcium and phosphate signaling 
occurs at this point.   
Calcium homeostasis involves maintaining the concentration of calcium ions in the 
cytosol at micromolar levels (Lehinenger, 2008).  Calcium ions flow into the cytosol 
from either outside the cell or from internal stores/vacuoles via voltage-gated ion 
channels and/or calcium binding proteins.  Ca-dependent ATPases then pump 
calcium out of the cell or into storage (such as into the endoplasmic reticulum or 
mitochondria) and return the calcium level to its normal resting concentration.  In 
Phytophthora spp. and plants it is likely that there are three main types of ATPase:  
P-type ATPases which undergo phosphorylation during cation transport and include 
the PMCAs which pump Ca 
2+ out of the cytosol and maintain Ca
2+ at micro molar 
levels;  F-type ATPases which are reversible ATP-driven proton pumps that use ATP 
hydrolysis to drive protons up a concentration gradient, and use the proton gradient 163 
to generate ATP from ADP and Pi;  and V-type ATPases that pump protons uphill to 
maintain the pH of the cytosol at physiological levels and acidify vacuoles.  All these 
enzymes are phosphohydrolase mechanoenzymes that produce orthophosphate as 
a reaction product.  The direct impact of phosphite on these reactions in either plant 
of pathogen is not known, however given the similarity of phosphite to 
orthophosphate it is likely that there will be some effect.  Inhibition of the Ca
2+ 
dependent ATPase reaction by either phosphite or pyrophosphate, both of which are 
competitive inhibitors of the ATPase reaction, is likely to result in an increased 
cytosolic concentration of calcium due to its reduced rate of removal from the cytosol.  
This in turn will affect, inter alia, the calcium “signal” responsible for the co-ordinated 
response of pathogen to plant, and possibly visa versa (Figure 7.7).  
                               
 
Figure 7.7  Schematic representation of plasma membrane calcium dependent ATPase (PMCA) and its 
interaction with phosphite (Phi) and pyrophosphate (PPi).  PMCAs are calcium dependent ATPases 
(phosphatases) – they hydrolyze ATP to ADP + Pi and in the process move calcium ions from one 
cellular compartment to another, or remove it from the cell altogether.  They control the concentration of 
calcium ions in the cytoplasm.  Many developmental processes in oomycetes are sensitive to and 
dependent on calcium signaling (Table 7.3).  LHS:  normal functioning PMCA in the absence of 
phosphite.  RHS: PMCA inhibition in the presence of phosphite and pyrophosphate.  As PPi and 
phosphite are analogues of ADP and phosphate respectively, the rate of removal of calcium from the 
cytosol PMCAs can be expected to be affected by the application of phosphite.  
 
Lanthanum chloride does not cross the plasma membrane, but binds to anionic sites 
on the outside surface and inhibits the transport of calcium ions into the cell (Cudd et 
al., 2003).  Application of lanthanum chloride to Phytophthora mycelia in the 164 
presence of a plant root would be expected to prevent calcium acting as a second 
messenger to any external signal.  The same applies to EGTA.  Ruthenium red at 
nano molar concentrations predominantly inhibits release of calcium from intracellular 
compartments by antagonizing ryanodine receptors.  Ruthenium red also inhibits 
Ca
2+ATPases (Blume et al., 2000).  The fact that perturbation of calcium signal, 
whether by increasing or decreasing external calcium ion concentration using 
calcium salts, EGTA or lanthanum chloride, or by preventing its release from internal 
stores with ruthenium red, suggests that it is the co-ordinated change in cytosolic 
calcium ion concentration that is important rather than the maintenance of a 
particular concentration.  
Many organisms, including oomycetes, rely on calcium signatures to signal 
developmental and reproductive changes to their physiology (Lehninger, 2008). The 
relay of the initial environmental signal from the external environment to the cell 
surface, through the cytosol and into the nucleus is complex, multifunctional and 
often degenerate. Calcium signatures are integrated within a signal transduction 
network that incorporates phosphate signaling via the action of a myriad of protein 
kinases and phosphatases. The inherent degenerate nature of signaling pathways 
ensures that the cellular response to a particular signal is stable and consistent. 
It can be inferred from the data presented in this chapter that phosphite has the same 
effect on P. cinnamomi as would a calcium ionophore.  Ionophores facilitate ion flux 
across the plasma membrane, so essentially phosphite inhibits the removal of Ca
2+ 
by calcium channels (PCMAs).  This could be tested by observing the effect of the 
calcium ionophores A23187 (Sigma) or veraprimil (Sigma) on the pathogenicity using 
the bioassy. This experiment was not done due to time and budget constraints.  A 
positive result would also have suggested further experiments regarding inhibition of 
the ionophore with an antagonist and then further testing of the inhibitor to mitigate 
the effect of phosphite. This is the type of detailed biochemical dissection of the 
mechanism of action of phosphite, together with RNAi techniques (knock-downs),that 
is required to fully understand, and control, the biochemistry of Phytophthora’s 
pathogenicity. This was unfortunately deemed to be outside the scope of this thesis.  
Given the limitations of the bioassay regarding the simultaneous application of 
phosphite and a calcium salt to P. cinnamomi, a glasshouse trial was conducted 
using an Australian native plant (Banksia leptophylla) as a host to test the combined 
effect of soil supplementation with calcium and foliar application of phosphite on the 165 
development of disease symptoms (Chapter 8).  In this way the effect of phosphite 
and calcium on the viability (growth rate and survival) and pathogenicity (ability to 
produce lesions on roots) of P. cinnamomi could be assessed more rigorously. 
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Table 7.1:  Comparison of the effects of phosphite application with disruption of phosphate signaling and perturbation of calcium signatures, in  A. Phytophthora and related 
species , and, B. Plants. 
A.   EFFECT 
on 
Phytophthora 
spp, oomycetes 
& fungi 
CAUSE 
Phosphite anion 
application  
Inhibition of 
phosphatase activity or 
alteration of kinase 
activity 
 [Ca
2+]external   [Ca
2+]cytosolic  Calcium channel 
modification 
Reduction of 
pathogenicity 
Application of 3 mM phosphite 
to P.cinnamomi colonised 
discs reduced pathogenicity on 
lupin seedlings (this thesis) 
Inhibition of PP2A 
phosphatase in Sclerotinia 
sclerotiorum reduced 
asexual development and 
pathogenesis (Erental et al., 
2007). 
Ca
2+ in soil suppressed root rot 
caused by Aphanomyces in 
Pisum sativum (Heyman et al., 
2007)  
Calcareous soils suppressed 
disease caused by 
Phytophthora spp., except P. 
multivora  (DEC dieback map) 
Inhibition of calcineurin, a 
Ca
2+ & calmodulin 
dependent phosphatase, 
in S. sclerotiorum 
decreased pathogenesis 
(Harel et al., 2006) 
Application of 100 uM RR or 
La3+ reduced pathogenicity 
on lupin seedlings (this 
thesis) 
Inhibition of 
growth 
Phi inhibited Phytophthora 
spp.growth (Fenn & Coffey, 
1984) 
Phi wass not highly inhibitory 
to Phytophthora growth (Farihi 
et al., 1981) 
ED50 for growth of  
Phytophthora spp. ranged from 
5 – 224 ug/ml (Coffey and 
Bower, 1984). 
See Erwin & Ribeiro (1996) 
Inhibition of a Ras G-protein 
in Aspergillus fumigatus 
reduced growth and 
virulence (Fortwendle et al., 
2005) 
In vitro mycelia growth of 
Aphanomyces was optimal 
between 0.5 -5 mM Ca
2+ 
(Heyman et al., 2007). 
No apparent relationship 
between reduction in growth 
rate and disease reduction in P 
sojae (Sugimoto et al., 2008)  
200mg/L (2 mM) CaCl2.2H2O 
inhibited growth of P. 
palmivora (Singh, 1975) 
  Plant defensins block Ca
2+ 
channels and inhibited growth 
of pathogen (Spelbrink et al, 
2004). 
Induction of a 
bumpy, highly  
branched, “bunch 
of grapes” 
morphology 
Fosetyl-al caused severe 
morphological changes (knot 
like swellings) to Phytophthora 
spp. (Dercks & Buchenauer, 
1987) 
 (King et al., 2010) 
Inhibition of a Ras G-protein 
in Aspergillus fumigatus 
caused irregular hyphal 
morphology and increase 
hyphal branching 
(Fortwendle et al., 2005) 
Inhibition of a Ca
2+ 
dependent phosphatase in 
N. crassa caused increased 
hyphal branching (Harel et 
al., 2006) 
Low external Ca caused  
irregular shaped hyphae in 
Saproleginia ferax (Jackson 
and Heath, 1989) 
Irradiation caused an 
increase in [Ca
2+]cyto in 
Saprolegnia ferax and  
resulted in increased 
hyphal branching 
(Grinberg & Heath, 1997).   
 
In N. crassa the ionophore 
A23187 raised cytoplasmic 
Ca
2+ and induced profuse 
hyphal branching. This effect 
was antagonized by cAMP 
(Reissig & Kinney, 1983) 
Inhibition of 
sporangiogenesis 
Phi inhibited sporulation in 
Phytophthora spp. (Farih et al., 
1981). 
Phi reduced in planta zoospore 
production (Wilkinson et al., 
2001b) 
Phosphate (50 mM) inhibited 
Expression of 
zoosporangenesis-induced 
genes coding for proteins 
with phosphatase activity 
are inhibited by 2-APB 
(Walker & Van West, 2007) 
Inhibition of Cdc14, a 
Suppression of zoospore 
production at > 1 mM in the 
Oomycete Aphanomyces 
(Heyman et al, 2007). 
Ca
2+ (2-5 mM) partly 
suppressed germination of P 
infestans sporangia. Chelation 
  La inhibited germination of P 
infestans sporangia (Hill et 
al., 1998)   
Zoospore cleavage blocked 
by 2-APB, an IP3-receptor 
gated Ca
2+ channel 
antagonist (Walker & Van 167 
A.   EFFECT 
on 
Phytophthora 
spp, oomycetes 
& fungi 
CAUSE 
Phosphite anion 
application  
Inhibition of 
phosphatase activity or 
alteration of kinase 
activity 
 [Ca
2+]external   [Ca
2+]cytosolic  Calcium channel 
modification 
zoospore production in P. 
cinnamomi (Byrt & Grant, 
1979) 
Phi inhibited sporangium 
production in P. cinnamomi & 
P. citricola at aprox. 5ug/mL 
(Coffey & Joseph, 1985). 
phosphatase expressed 
during & controls 
sporangiogenesis in P. 
infestans prevented 
sporulation (Fong & 
Judelson, 2003). Patent no: 
WO 03/059936 A2.  
of Ca
2+ also inhibited 
sporangiogenesis (Hill et al., 
1998). 
Ca
2+ inhibited sporangium 
development (Coffey & 
Joseph, 1985). 
West, 2007) 
Ca
2+ channel blocker 
verapamil & a calmodulin 
antagonist inhibited 
zoosporangiogenesis 
(Judelson & Roberts, 2002) 
Inhibition of 
zoospore release 
Release of zoospores from 
sporangia of Phytophthora spp 
was sensitive to phosphite 
anions (Cohen and Coffey, 
1986) 
Inhibition of zoospore release 
in P. parasitica and P. 
citrophthora by 10ug/mL 
efosite (Farih et al., 1981) 
6 ug/ml phi inhibited zoospore 
release from P. cinnamomi & 
P. citricola (Coffey & Joseph, 
1985). 
 
  Zoospores releases 
suppressed in P. parasitica by 
[Ca
2+]ext = 10 – 50 mM (von 
Broembsen and Deacon, 
1997). 
4-20 mM Ca salts decreased 
release of zoospores. 0.4 mM 
stimulated (Sugimoto et al., 
2008) 
   
Disruption of 
zoospore motility 
  (Latijnhouwers et al., 2002)  Zoospore motility was curtailed 
by 4-20 mM Ca 
2+ 
concentrations (Sugimoto et 
al., 2008) 
   
Disruption of 
zoospore 
attachment & 
encystment 
  Inhibition of PLD in P. 
infestans reduced zoospore 
encystment. G-protein 
activator triggered 
encystment (Latijnhouwers 
et al., 2002). 
No relationship found 
between degree of root 
encystment and 
pathogenicity (Walker & Van 
West, 2007) 
20 mM Ca
2+ affected zoospore 
encystment. (Broembsen and 
Deacon, 1997)  
External Ca
2+ (3 mM) 
promoted P.cinnamomi 
zoospore encystment (Gubler 
et al., 1989) 
  P. parastica zoospore 
encystment  inhibited by La
3+ 
which prevented the 
encystment-associated Ca
2+ 
influx (Warburton and 
Deacon, 1998) 
EGTA (0.1 mM) inhibited 
P.cinnamomi zoospore 
encystment (Gubler et al., 
1989)  
Disruption of 
zoospore 
germination 
    Ca
2+ 10 -30 mM stimulated 
zoospores to germinate in the 
absence of an organic nutrient 
trigger (von Broembsen and 
Deacon, 1997) 
Size of internal Ca stores 
was a determining factor 
affecting the 
developmental fate of P. 
sojae cysts (Connolly et 
Germination of P. parasitica 
cysts was prevented by TMB-
8, which inhibits the release 
of  Ca
2+ from intracellular 
stores (Warburton and 168 
A.   EFFECT 
on 
Phytophthora 
spp, oomycetes 
& fungi 
CAUSE 
Phosphite anion 
application  
Inhibition of 
phosphatase activity or 
alteration of kinase 
activity 
 [Ca
2+]external   [Ca
2+]cytosolic  Calcium channel 
modification 
al, 1999)  Deacon, 1998) 
Disruption of 
chlamydospore 
production 
Inhibition of chlamydospore 
production in P. cinnamomi by 
15-44ug/ml Phi (Coffey & 
Joseph, 1985). 
Inhibition of chlamydospore 
formation in P. parasitica and 
P. citrophthora a by 50ug/mL 
efosite. Germination not 
affected (Farih et al., 1981). 
Phi caused increased 
chlamydospore production in 
P. cinnamomi (McCarren et al., 
2006) 
       
Metabolic effects  Phi increased  cellular activity 
of G-6-P DH, 6-PG DH & 
UDPG PPiase in P. 
citrophthora (Barachietto et al., 
1992). 
Phi caused 35-fold increase in 
PPi in Phytophthora spp. 
(Niere et al., 1994) 
Phi caused over production of 
elicitor activity in P. cryptogea 
& P. capsici (Saindrenan et al., 
1990)  
Phi reduced release of host 
defense suppressor molecules 
in P. palmivora (Dunstan et al., 
1990) 
Ca
2+ inhibited 
pyrophosphatase activity 
from P. infestans at 0.1 -20 
mM (Sysuev et al., 1978) 
External calcium ion 
concentration influenced Ca
2+ 
concentration in internal stores 
(Connolly et al, 1999;  Xu & 
Morris, 1998; Jackson and 
Heath, 1989) 
Soyabean isoflavones 
triggered a Ca
2+ influx into 
encysted zoospores 
(Connolly et al., 1999) 
Soybean PA inhibited Ca
2+ 
transport and increased Ca
2+ 
leakage from P. megasperma 
membrane vesicles (Giannini 
et al., 1988) 
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B.   EFFECT on 
plants 
CAUSE 
Phosphite anion 
application 
Inhibition of phosphatase 
activity or alteration of 
kinase activity 
Alteration of 
[Ca
2+]external 
 Alteration of 
[Ca
2+]cytosolic 
Calcium channel 
modification 
Suppression of 
infection by 
Phytophthora species 
Stem injection protected 
Banksia & E. marginata 
from P. cinnamomi for 4 
years (Shearer & 
Fairman, 2007). 
See Erwin & Ribeiro 
(1996) 
A constitutively active MAPK 
increased resistance of potato to 
P. infestans (Yamamizo et al, 
2006) 
 
Flood irrigation of Vinca 
seedlings with 10 or 20 mM 
Ca(NO3)2 greatly suppressed 
infection by P. parasitica (von 
Broembsen and Deacon, 1997) 
   
Alteration of 
phytoalexin synthesis  
Increased PAL in Phi 
treated and inoculated 
Lambertia spp. (Suddaby 
et al., 2008) 
AOA reversed Phi 
induction of PAs in 
cowpea and decreased 
resistance to P. cryptogea 
(Saindrenan et al., 1988) 
Increased PA & ethylene 
synthesisin tobacco 
treated with Phi and 
infected with P. 
nicotianae (Nemestothy & 
Guest,1990) 
Phosphatase inhibitors caused 
an increase in PAL activity and 
phytoalexin accumulation in 
potato in the absence of an 
elicitor (Blanco et al., 2008) 
Protein phosphatase inhibitors 
increased PA production in 
soybean (MacKintosh and 
MacKintosh, 1994) 
Phosphatase inhibitors mimicked 
elicitor action and induced hyper 
phosphorylation of proteins in 
tomato cell cultures (Felix et al., 
1994) 
Kinase inhibitors inhibited inositol 
phospholipid turnover & induction 
of PAL in tobacco suspension 
culture (Kamada and Muto, 1994) 
Ca (1.2 mM) in external medium 
increased  PA induction in 
soybean cells by a glucan 
elicitor from P. megasperma 
(Stab & Abel, 1987) 
 
Parsley cells 
exposed to elicitor 
exhibited 
increased Ca
2+ 
cyto and 
increased PA 
production (Blume 
et al., 2000) 
 
Accumulation of PAs was 
inhibited by La
3+, but 
stimulated by A23187 
(Blume et al., 2000) 
Stimulation of ROS 
generation by NADPH 
oxidase  
Increased superoxide 
release in Lambertia spp. 
(Suddaby et al., 2008) 
Constitutivly active MAPK kinase 
confered resistance to P. 
infestans in potato and enhanced 
ROS production (Yamamizo et 
al., 2006) 
  Increased Ca
2+ 
cyto increases 
ROS production 
(Blume et al, 
2000) 
 
Altered abiotic stress 
response 
  Decreased PPiase activity in N. 
benthamiana caused a wilting 
phenotype under mild drought 
stress (George et al., 2010) 
     
Metabolic effects    Decrease PPiase activity in N. 
benthamiana caused decreased 
starch content (George et al., 
2010) 
Extent of disease reduction in 
soybean related to increased 
uptake of Ca
2+ by plants 
(Sugimoto et al, 2008) 
   
Abbreviations: La
3+ = Lanthanum ions;  RR = ruthenium red;  A23187 = Ca
2+ channel ionophore;  PA = phytoalexin; TMB-8 = suppresses release of Ca
2+ from internal stores (Warburton and Deacon, 1998);  PAL = 
phenylalanine oxidase;  ROS = reactive oxygen species:  2-APB = IP3 –receptor-gated Ca channel antagonist: MAPK= mitogen activated protein kinase;  AOA=    : PPiase = pyrophosphatase;  Phi = phosphite; 170 
8 :    Treatment with phosphite and 
calcium sulphate increases survival 
of Banksia leptophylla infected with 
Phytophthora cinnamomi 
8.1  Summary 
The combined effect of foliar phosphite and increased soil calcium levels on survival of 
Banksia leptophylla seedlings infected with Phytophthora cinnamomi was investigated.  
Banksia leptophylla seedlings were sprayed with 0, 0.1 or 0.3% phosphite and grown in 
sand inoculated with P. cinnamomi. The soil was supplemented with 0, 3, 10 or 30mM 
calcium sulphate. Plant survival and health were recorded for 12 months after 
inoculation. Combining foliar spraying with phosphite with supplementing soil with 
calcium sulphate significantly increased the survival and health of plants infected with P. 
cinnamomi. There was 2.7% survival of plants with no phosphite or additional calcium, 
8.3% with 30 mM calcium alone, 53 % with 0.3% phosphite alone and 100% survival of 
plants given 0.3% phosphite and 30mM calcium. The pathogen survived in the soil of all 
treatments for the 12 month period of the trial.  Baiting of the post-harvest soil showed 
that infection rate decreased with increasing calcium amendment and with increased 
phosphite spraying.  In conclusion, combining the addition of gypsum to soil with foliar 
application of phosphite is a cheap and practical way of significantly increasing the 
efficacy of phosphite in controlling the development and spread of Phytophthora dieback 
disease.  
8.2  Introduction   
Phytophthora cinnamomi is a soilborne plant pathogen destroying billions of dollars 
worth of agricultural and horticultural crops worldwide, and is a major threat to natural 
ecosystems (Zentmyer, 1980; Erwin and Ribeiro, 1996). Disease caused by P. 
cinnamomi (often referred to as Phytophthora dieback) is difficult to control in 
horticultural or natural environments.  The pathogen infects a very broad range of 
species (approx 2,300 species across 100 taxa (Cahill et al., 2008), and spreads easily 171 
in warm, wet conditions (Erwin and Riberio, 1996).  It is a root pathogen that invades 
and destroys the lateral and fine root systems, and collars of trees in successive rounds 
of infection that leave the plant vulnerable to abiotic stresses such as drought, heat and 
poor nutrition (Zentmyer, 1980; Shearer and Tippet, 1989).  Phytophthora is particularly 
damaging in the biodiverse regions in the South West Botanical Province of Western 
Australia’s sand plains and jarrah (Eucalyptus marginata) forest (Shearer and Smith, 
2000), with 2284 of the 5710 described plant species in the Province being susceptible 
to P. cinnamomi and of these, 800 being highly susceptible to the pathogen (Shearer et 
al., 2004).    
Since the 1970s, control of Phytophthora plant pathogens has been achieved by the 
application of phosphite.  Phosphite is a chemical analogue of orthophosphate and is 
applied either as a soil drench, trunk injection or foliar spray (Hardy et al., 2001).  It may 
control disease symptoms and reduce pathogenic lesions by stimulating the plant 
defense responses and directly inhibiting pathogen growth (Guest and Grant, 1991).  
Although the precise biochemical mechanism remains unknown, it is likely that 
phosphite acts primarily by substituting for orthophosphate in cells phosphate cycle 
(Guest and Grant, 1991). 
Calcium ions also affect the interaction between Phytophthora species and their plant 
hosts, reducing the development and spread of disease caused by these soil pathogens 
(Coffey and Joseph, 1985; Sugimoto et al., 2005).  In Western Australia, there is an 
association between the incidence of dieback disease and the distribution of calcareous 
soil.  Soil maps (DAF, 2002) overlaid with maps of P. cinnamomi distribution 
(Department of Environment and Conservation, 2006) show a positive relationship 
between dieback incidence and non-calcareous soils. This has been attributed to the 
higher pH of these soils, although Benson (1984) has demonstrated that sporangium 
production by P. cinnamomi occurs across a wide pH range and is maximal between pH 
4.6 and pH 7.  This is in agreement with an early report on the effect of available soil 
calcium on “damping off” diseases (Albrecht and Jenny, 1931) who showed that disease 
symptoms and the number of diseased plants decreased with increasing calcium content 
of soil, independently of pH.  Infection of jarrah roots by P. cinnamomi could be 
suppressed by applying calcium carbonate (7.5g pot
-1) (Boughton et al., 1978).    Similar 
results were shown by Halsall et al. (1983) who suggested that high levels of calcium in 172 
the soil “may be important in enabling E. maculata to overcome the effects of P. 
cinnamomi infection”, though subsequently E. maculata was found to be resistant.  More 
recently Heyman (2007) demonstrated that high soil calcium suppresses the oomycete 
Aphanomyces euteiches, the cause of root rot of Pisum sativum.  In this pathosystem, 
calcium applied to the soil as CaCO3 (lime) decreased disease severity, while raising the 
pH, whereas CaSO4 (gypsum) had a significantly greater effect on the disease severity 
index but only marginally affected pH, indicating again that calcium achieved disease 
control.   
As with phosphite there is evidence that calcium ions enhance plant defense responses 
as well inhibiting the pathogen (von Broembsen and Deacon, 1997).  Removal of 
extracellular calcium abolished an elicitor-mediated phytoalexin response in soybean 
cells (Stab and Ebel, 1987). Potassium nitrate and calcium chloride (at 24 and 10mM, 
respectively) suppressed disease development by P. sojae on soybean (Sugimoto et al., 
2005; 2008). They concluded that plant defense was enhanced due to an increased 
uptake of potassium and calcium by the plant, as well as by inhibition of zoospore 
release from the pathogen.  This conclusion was based on the finding that there was no 
significant relationship between inhibition of pathogen growth rate in vitro and disease 
reduction (Sugimoto et al., 2008).  Similar findings and rationale may explain how 
phosphite reduces the incidence of disease on treated plants (Guest and Grant, 1991).  
However, high extracellular calcium concentrations interfere with zoosporogenesis in P. 
parasitica and reduced the ability of zoospores to infect plants (von Broembsen and 
Deacon, 1997) and Messenger et al. (2000) showed that sporangial production and 
inoculum load of P. cinnamomi in gypsum amended soil was significantly reduced.  
Irving et al. (1984) found that successful zoospore encystment required excretion of 30% 
of internal calcium suggesting that co-ordinated regulation of intracellular calcium ion 
concentration is important at various stages of the pathogen life cycle.  Cytosolic calcium 
levels reflect external concentrations (Connolly et al., 1999;  Xu and Morris, 1998;  
Jackson and Heath, 1989) and the initial transient rise in cytosolic free calcium required 
to induce cytokinesis in zoosporangia in P. cinnamomi (Jackson and Hardham, 1996) is 
subverted by either the higher internal (or lower external) background calcium ion 
concentration.   173 
While both calcium ions and phosphite salts alone reduce disease symptoms and 
spread, the interactions between the two treatments have not been examined.  We 
investigated the disease control of P. cinnamomi by foliar application of phosphite in 
Banksia leptophilia, growing in pots of sand supplemented with various levels of calcium.  
Here we report that when foliar phosphite was used concurrently with soil 
supplementation with calcium, plants showed improved health and survived longer than 
plants that received only one or neither of the treatments. The information gained from 
investigating the combined effect of applying these two chemicals simultaneously may 
result in improved disease control, and may also indicate the mode of action of 
phosphite, and hence illuminate the pathogenic processes, in P. cinnamomi. 
8.3  Materials and methods 
8.3.1  Experimental design 
The experiment investigated the link between phosphite and calcium ions in the control 
of Phytophthora cinnamomi infection in Banksia leptophylla by combining soil calcium 
supplementation and foliar phosphite application.  Independent variables were calcium 
ion concentration supplementation of soil and the concentration of phosphite applied to 
foliage. Dependent variables were: time to first symptom and death; plant height (for 
non-inoculated, treated plants) throughout the trial; plant dry weight at the end of the 
trial; and root mass and gross morphology at the end of the trial.  The trial was 
conducted in a glasshouse over 18 months from April 2008 until November 2009.  Plants 
were inoculated in November 2008.  On average, daily minima and maxima were (9) 10 
to 27 (33)
0C.  A factorial nested pot design was used (Doncaster and Davey, 2007) in 
which there were 20 combinations of soil calcium supplementation and foliar phosphite 
application (Table 8.1).  Each treatment was represented once in each block, by a pot 
containing six seedlings, and there were six blocks.  It was predicted that if calcium and 
phosphite work synergistically to enhance growth and survival in the face of P. 
cinnamomi, then growth and survival should be highest when both treatments are 
administered at optimal doses.  
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Table  8.1  The 20 treatment combinations used in the glasshouse trial where each treatment consisted of 
six 150 mm diameter pots each containing six Banksia leptophylla plants.  
  Phosphite (%) 
Calcium 
supplement 
(mM) 
0  0.1  0.3  0  0.3 
Pots inoculated with P. cinnamomi  Control pots 
0  1  2  3  4  5 
3  6  7  8  9  10 
10  11  12  13  14  15 
30  16  17  18  19  20 
 
8.3.2  Plant material 
Banksia leptophylla is a woody shrub that grows on calcareous soils in the south-west of 
Western Australia and is susceptible to P. cinnamomi (Shearer, unpub).  Seeds were 
obtained from Nindethana Seed Service Pty LTD,  sterilised for 1 minute in 0.5% sodium 
hypochlorite, rinsed three times in deionised water prior to planting in trays containing 
washed, pasteurized yellow river sand. Trays were placed in a glasshouse at 25
0C, +/- 
6
0C and watered twice daily.  At eight weeks seedlings were transplanted into individual 
free-draining 50 mm polyurethane pots containing washed, pasteurized river sand and 
watered twice daily to container capacity until they were six months old. 
8.3.3  Calcium sulphate treatment of soil   
Six month old seedlings were transferred to 150 mm diameter free-draining pots that had 
been lined with shade cloth, filled with washed river sand (approximately 6 kg) that had 
been dried and mixed in a cement mixer with technical grade hydrated calcium sulphate 
(Sigma) to final concentrations of 0, 3, 10 and 30 mmol CaSO4.2H2O kg
-1  sand. Calcium 
sulphate was chosen because it is non-toxic, relatively soluble in water (compared to 
calcium carbonate) and does not alter the pH of the soil (Shainberg et al., 1989).  Filled 
pots were then pasteurized once for two hours at 60
0C.  Six B. leptophylla seedlings 
were planted in a circle around three sterile polyurethane inoculation tubes (20 cm long, 
2 cm diameter) in each pot.  Plants were placed in a glasshouse at 25
0 C, +/- 6
0 C and 
hand watered to container capacity once daily with deionised water (approximately 
500ml per pot).  175 
Calcium sulphate suspension in deionised water was applied twice a week at a rate of 
approximately 500 ml per pot and at the concentrations of 0, 3, 10 or 30 mM.  Five 
hundred ml of diluted liquid Native Focus (Growth Technology, Australia and United 
Kingdom) (5ml L
-1) was applied per pot twice a month throughout the trial. The fertilizer 
treatment replaced the watering regime each time it was applied. At four months post 
inoculation calcium sulphate treatments were reduced to once a week due to minor 
calcium toxicity symptoms in the 30 mM calcium sulphate treatment groups. When 
plants were 12 months old (six months after inoculation) watering was reduced to 
alternate days and calcium sulphate treatments maintained at once a week.  This was 
continued until 11 months post-inoculation when watering was reduced to every third 
day in order to further stress the plants.  Plants were harvested 12 months post 
inoculation. 
8.3.4  Phosphite treatment of plants 
Plants were treated with phosphite two weeks prior to inoculation, when they were 
approximately 8 months old.  Phosphite (600g L
-1, Agrifos) was prepared to a final 
concentration of 0.1% and 0.3% in deionised water containing 0.1% Pulse (Nufarm, 
Australia) as a penetrant and applied to plants foliage using a handheld sprayer.  Control 
plants received 0.1% Pulse in deionised water only.  Plants were hand-sprayed to the 
point of run-off (approximately 3.3 ml per plant) and care was taken not to contaminate 
the sand.  After phosphite application plants were not watered for 48 hours to allow 
absorption of phosphite. The 0.3% phosphite spray equates to 7.5 Kg of phosphite ha
-1 if 
applied at a rate of 18L per 100 m
2. 
8.3.5  Preparation of inoculum and inoculation of plants  
Pine plugs were prepared according to the method of (Shearer et al., 2004) and were 
inoculated with recently passaged cultures of P. cinnamoni, isolate MP 94.48 (Murdoch 
culture collection) grown on V8 agar for one week.  The isolate had been passaged 
through “Granny Smith” apples prior to use in order to ensure pathogenicity. This isolate 
was chosen because it is known to be one of the most pathogenic isolates on 
susceptible plants (D. White, per comm.).  Inoculated pine plugs were incubated for 8 
weeks at 20
oC, +/- 2
oC, in the dark, with occasional shaking.  Control plugs were 
prepared by autoclaving colonised pine plugs for 30 minutes at 121
0C on two 176 
consecutive days.  Prior to inoculation of pots, samples of control and colonised plugs 
were placed onto a Phytophthora selective medium (NARPH) (Huberli et al., 2000) to 
ensure pathogen viability, and that autoclaved control plugs were sterile.  
When plants were six months old, the three inoculation tubes were removed from the 
pots and one colonised pine plug per hole was inserted and covered with pasteurized 
river sand.  Control pots were inoculated with colonised plugs that had been autoclaved. 
The base of each pot was placed into a water-tight plastic bag, and pots watered to soil 
saturation with deionised water and left overnight to facilitate infection of roots through 
sporangial production and zoospore release from the pine plugs.  Bags were then 
removed and pots were free draining for the remainder of the experiment. Control non-
inoculated pots were placed into an additional pot to prevent cross contamination.  
8.3.6  Monitoring of disease symptoms, plant harvests and recovery of pathogen  
The development of disease symptoms was assessed at least once a week by recording 
leaf yellowing (chlorosis), leaf wilting, plant discolouration and plant drying. The time to 
first symptom is defined as the number of days post-inoculation until the development of 
leaf yellowing.  Disease lesions were not usually visible on the stem of the plant. Plant 
death was deemed to have occurred when the plant turned brown and leaves were 
crisp.   The mean survival time of plants in the different treatment groups was calculated 
by dividing the sum of the total number of days the plants remained alive by the number 
of plants in the group.  The height of the control, non-inoculated plants was measured 
five times during the trial.  Shoots of dead plants were cut at the base. The basal three 
centimeters of stem was blotted dry and cut into three, one-cm sections.  The stem 
sections were aseptically cut in half longitudinally and the internal stem surface placed 
onto NARPH and incubated in the dark at 25
0 C for up to four days, for recovery of the 
pathogen. A minimum of one dead plant per pot was tested in each treatment.  At the 
end of the experiment, 12 months post-inoculation, the height of all surviving and control 
plants were measured, shoots removed, weighed and dried at 37
o C for six weeks until 
constant weight.  Roots were removed from 1-4 pots per treatment, washed gently in 
water and photographed. It was not possible to extract roots with sufficient accuracy to 
make weights a meaningful dataset but records were made of root structure and the 
abundance of cluster roots. 177 
Soil was removed from at least two pots from each treatment group, mixed thoroughly 
then spread 3 cm deep in a 17 x 11 cm plastic food container and flooded with deionised 
water to cover the soil to a depth of 3 cm.  Soil and water were stirred and sediments 
allowed to settle prior to baiting for P. cinnamomi by floating Hibbertia sp. petals and 
Eucalyptus sieberi cotyledons on the surface of the water.  This water is referred to as 
bait-water. Containers were partially covered and incubated in the glasshouse at an 
average temp of 25
0 C until the petals became translucent and water-soaked and the E. 
sieberi cotyledons changed colour from purple to green. Infected baits were recorded 
and removed, blotted dry and plated onto NARPH to confirm the presence of the 
pathogen. 
8.3.7  Chemical analysis of plant material 
Three independent samples of dried foliage from within each treatment group were 
pooled, weighed, ground to a fine consistency, and acid digested with nitric acid and 
hydrogen peroxide and analysed according to the method of Huang et al. (2004) for total 
plant calcium and phosphorus.  
8.3.8  Chemical analysis of soil 
Soil was analysed for calcium ions and total phosphorus from 3 -10 pots per calcium 
treatment. As phosphite was applied to leaves and not soil it was valid to bulk results of 
soil from the same calcium treatments, but differing phosphite applications. For each 
individual pot, all plant material was removed and soil was mixed thoroughly. A sample 
of soil from each pot was dried at 37
o C, and 10g of dry soil was then shaken overnight 
with 40 ml of deionised water.  The filtrate was filtered through a 22 µm filter (Millipore, 
Australia) and analyzed on a Varian (Vista AX) ICP-AES CCD simultaneously for 
calcium ions and phosphate (Determination of elements in waters and other appropriate 
solutions by ICP-AES, Marine and Freshwater Research Laboratory: ICP 001 
instrument). Conductivity of the aqueous extract was measured to estimate soil salinity.  
The pH of the soil was measured regularly during the trial using litmus paper applied to 
moist soil.  pH of the baiting water was also tested.  178 
8.3.9  Statistical analysis 
Multivariate analysis of variance (MANOVA) was used to examine the relationships 
between the categorical predictor (independent) variables of foliar phosphite 
concentration and rate of soil calcium sulphate application on the dependent variables of 
time to first symptom, survival, mortality (%) at 41, 84, 157 and 356 days post 
inoculation, and dry weight of surviving plants at the end of the experiment.  Where 
significant effects (interactions) were found, univariate analysis and post-hoc tests were 
performed to determine the significance of the results. All analysis used a significance 
level of 0.05   Statistical calculations were performed using STATISTICA software 
(StatSoft), using a fitted generalized linear model with an identity link function.   
8.4  Results 
8.4.1  The effect of phosphite and calcium sulphate on the development of Die-back 
symptoms  
The application of foliar phosphite in combination with soil calcium sulphate 
supplementation had a significant effect (p< 0.001) on increasing the length of time 
taken to the development of the first symptom of dieback (i.e. leaf yellowing) (Figure 
8.1).  At all calcium concentrations, the time to yellowing significantly increased with 
phosphite concentration from 28 days (Phi = 0, Ca = 0) to 336 days at Phi = 0.3%, Ca = 
30 mM.  At each phosphite concentration, time to yellowing increased with increasing 
calcium concentration; from 28 to 78 days at Phi = 0, and 259 to 336 days at Phi =0.3%.  
There was no significant difference between the number of symptom-free days in non-
inoculated controls and the P. cinnamomi inoculated Phi = 0.3%, Ca =30 mM treatment 
groups at 12-months post inoculation (data not shown). 
8.4.2  Plant survival 
Treatment of plants with increasing phosphite alone, or increasing soil supplementation 
with calcium alone, significantly increased the survival time of inoculated plants when 
compared to untreated inoculated controls (Table 8.2; Figure 8.2).   In the absence of 
calcium treatment, mean survival time post-inoculation increased from 47 days in the 
untreated infected group, to 320 days in the presence of 0.3% phosphite, and the 
number of plants surviving at the end of the trial increased from one to 19 (Figure 8.2).  
In the absence of phosphite treatment, soil supplementation with increasing calcium 179 
concentration only increased survival from 47 days at Ca = 0 mM, to 102 days at 30 mM 
Ca, and did not significantly improve plant survival 12-months post inoculation. The joint 
application of increasing phosphite and soil calcium sulphate concentration increased 
the number of Banksia leptophylla plants that survived, and their survival time, after soil 
inoculation with P. cinnamomi when compared to plants that had been treated with 
phosphite only, or calcium only.  At 30 mM calcium supplementation increasing 
phosphite application to 0.3 % improved the average survival time of infected plants from 
102 to 356 days, i.e. 100% survival at the end of the experiment.  The survival time of 
plants sprayed with 0.3 % phosphite and grown in soil amended with increasing amounts 
of calcium did not improve significantly between treatments, and the number of plants 
surviving at trial harvest 12-monts after soil inoculation was not significantly different 
from comparable non-inoculated treatment groups.  
 
 
    
   
Figure 8.1   Mean number of days to development of the first symptom of dieback (i.e. leaf yellowing) 
following treatment of Banksia leptophylla with phosphite and calcium sulphate and soil inoculation with 
Phytophthora cinnamomi.   Significant (p < 0.05) differences in applying univariate analysis are denoted by 
lower case letters representing results of the post-hoc test (Tukey) of the combined foliar phosphite and soil 
calcium sulphate treatments. Treatment block combinations of calcium sulphate and phosphite are indicated 
by the X and Z axis, respectively.  
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Figure 8.2  Foliage of surviving inoculated and control Banksia leptophylla plants in situ 12-months after soil infestation with Phytophthora cinnamomi in each combination of 
treatment of phosphite and calcium.  Soil was amended with calcium sulphate at concentrations of 0, 3, 10 and 30 mM in combination with phosphite spray concentration at 0, 
0.1% and 0.3% as indicated.  From left to right, columns 1 – 3 are inoculated plants and columns 4 and 5 are non-inoculated control plants. The number in the top-centre of 
each treatment block is the number of survivors (out of a total of 36 plants) prior to harvest at 12-months post-inoculation. 181 
Table 8.2   Mean survival time (days) of Banksia leptopylla in days post–inoculation with Phytophthora 
cinnamomi (SE shown in parenthesis) in each combination treatment of phosphite and calcium  
CaSO4.2H2O (mM)  0% phosphite  0.1% phosphite  0.3% phosphite 
0  47 (24)  258 (87)  320 (41) 
3  69 (64)  270 (93)  351 (9) 
10  114 (90)  312 (45)  347 (16) 
30  102 (96)  329 (32)  356 (0) 
 
8.4.3  Above ground condition and growth of plants  
The above ground condition of plants that had survived 12-months post-inoculation 
clearly demonstrated the effect of both calcium and phosphite treatments on plant 
health and survival (Figure 8.2).  The surviving foliage of infected plants that had not 
been treated with phosphite was obviously stunted and little difference between 
calcium treatments could be observed.  Treatment with 0.1% phosphite and 
increasing soil calcium improved the condition of the foliage pro rata. The foliage of 
infected plants that had been treated with 0.3 % phosphite and increasing soil 
calcium appeared normal and was comparable with the foliage of non-inoculated 
similarly treated control plants.  The condition of the surviving foliage in the 
phosphite-only treatment groups improved with phosphite application and the number 
of surviving plants increased from one plant at no phosphite treatment, to 19 plants 
when treated with 0.3% phosphite. 
8.4.4  Plant height and dry weight at harvest  
There was no significant difference in plant height or dry weight of foliage in the non-
inoculated control treatment groups of plants 12-months post-inoculation of the trial 
(data not shown), demonstrating that any increase in size of the inoculated plants 
given higher calcium levels was not a response to calcium or phosphite treatments 
per se.  There were insufficient survivors in all the inoculated treatment groups at the 
end of the experiment to perform a meaningful statistical analysis.  
8.4.5  The effect of Phytophthora cinnamomi on root growth and condition  
Accurate measurement of root dry weight was not possible due to the presence of 
cluster roots, soil compaction, and the fragility of the fine and lateral root system of P. 
cinnamomi infected and control plants across treatments, i.e. soil washing resulted in 182 
an unavoidable and unacceptable  loss of roots.  At the end of the experiment the 
roots of dead or infected plants were found to be smaller, darker, and had fewer 
lateral branches and fine roots than uninfected plants or plants that had been grown 
in soil amended with 30 mM calcium and sprayed with 0.3% phosphite (Figures 8.3 
and 8.4).   Neither calcium soil amendment nor phosphite treatment had any 
observable effect on the size of the root mass of non-infected control plants when 
compared to untreated uninfected plants (data not shown).  Uninfected control plants 
from pots treated with 30 mM calcium sulphate contained a greater number of cluster 
roots than with no calcium supplementation, but when plants were sprayed with 0.3% 
phosphite this increase in cluster roots with higher calcium was not observed (data 
not shown).   
8.4.6  Recovery of P. cinnamomi from dead plants, pine plugs, and baiting of 
infected soil one-year post-inoculation  
Phytophthora cinnamomi was recovered from 70% of dead plants from infested soil 
across all treatments when stems were placed onto NARPH. Three plants from a 
single pot in the control group died towards the end of the trial, however there was no 
evidence of root rot and no P. cinnamomi was recovered on the selective medium.  
P. cinnamomi was recovered from all pine plugs tested 12-months post-inoculation 
when plated onto NARPH indicating that the pathogen was still viable at the end of 
the experiment.  
Soil from infested pots was flooded and baited with E. sieberi seedlings and Hibbertia 
sp. petals and P. cinnamomi was recovered from all combinations of calcium and 
phosphite treatments except for soil from the 0.3% phosphite and 30 mM calcium 
treatment.  The number of baits infected after 48 hours incubation showed that 
infection rate decreased with increasing calcium amendment and with increased 
phosphite spraying (Table 8.4).  Spraying plants with either 0.1 % or 3 % phosphite in 
the absence of calcium did not reduce the number of baits infected after 48 hours.   183 
 
 
 
Figure 8.3  Root development from Banksia leptophylla plants sprayed with (A) 0.1% phosphite and  
(B) 0.3% phosphite and grown in soil amended with 0 – 30 mM calcium sulphate, at 12-months after soil  
inoculation with Phytophthora cinnamomi. 
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Figure 8.4  Banksia leptophylla roots from plants sprayed with 0.3% phosphite and grown in soil treated 
with A. no addition of calcium sulphate and B. supplementation with 30 mM calcium sulphate, 12-
months after soil  inoculation with Phytophthora cinnamomi.  The sizes of samples A and B are directly 
comparable.  Ruler on left-hand side of image is 50 cm long. 
 
Table 8.4  Percentage of total baits visibly infected after 48 hours incubation at 25
0C (ten Eucalyptus 
seiberi cotyledons and six Hibbertia sp. petals per baiting tray).  The pathogen was recovered from all 
infected baits on Phytophthora selective medium (NARPH). 
CaSO4.2H2O 
(mM) 
0% phosphite  0.1% phosphite  0.3% phosphite 
0  50  62  68 
3  62  56  50 
10  31  68  37 
30  31  12  0 
 
8.4.7  Chemical analysis of soil  
The mean calcium ion concentration in the calcium amended soil at the end of the 
experiment ranged from 0.62 to 4.3 mmlol kg
-1 dry soil supplemented with 3 mM and 
30 mM calcium sulphate respectively (Table 8.5).  The concentration of calcium ions 
released from the soil during into the bait-water is consistent with the concentration of 
calcium ions in the amended soil.  Bait-water from soil that had been amended with 185 
30 mM calcium contained 1.7 mM of exchangeable calcium ions and inhibited 
infection for longer when compared to bait-water from soils with lower calcium 
amendments (Table 8.5). 
 
Table 8.5  Calcium ion analysis of soil and the amount of calcium released into water during baiting of 
soils that had been amended with 0, 3, 10 and 30 mM calcium sulphate, 12 months after inoculation with 
Phytophthora cinnamomi.  
Ca
2+ supplementation of 
soil (mmol kg
-1 dry soil) at 
time zero 
Ca
2+ concentration of soil in 
pots (mmol kg
-1 dry soil) at 
12 months 
Ca
2+ concentration of 
bait-water of soil (mM) at 
12 months 
0  0.065
a  0.0045
a 
3  0.62
b  0.063
b 
10  2.2
b  0.33
b 
30  4.3
c  1.7
c 
a  average of 5 samples; 
b average of 3 samples; 
c average of 10 samples. 
 
 
All samples except for the unamended soils showed less than 2 mg L
-1 soluble 
phosphorous (P).  Baiting solutions of the unamended soil samples contained 
between 0.1 and 0.04 mg L
-1 P and soil extractions of the unamended soils in 
deionised water contained <0.02– 0.03 mg L
-1 P.  Soil salinity remained low for the 
duration of the experiment ranging from 0.2 mS/cm in control soil up to 0.8 mS/cm in 
soil treated with 30 mM calcium sulphate.  
8.4.8  Chemical analysis of plant material 
The concentration of total extractable calcium in pooled plant material (foliage and 
small stems) in the 30 mM calcium treatment group was approximately twice the 
level found in plants that had not been treated with calcium (Table 8.6).  Total 
extractable phosphorus was slightly lower in the Ca = 0 and Ca = 30 mM plants that 
had been treated with phosphite compared to those plants that received only 
calcium.  
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Table 8.6  Total extractable calcium and phosphorus in the foliage of B. leptophylla at harvest, one year 
after treatment with calcium sulphate (0 and 30 mM) and phosphite (0 and 0.3%).  Results are the 
average of three independent samples comprised of material pooled from at least 20 plants in each 
treatment group.   
 
Calcium (mM)  Phosphite (%)  Total extractable 
calcium (mg/Kg) 
Total extractable 
phosphorus (mg/Kg) 
0  0  4830  530 
30  0   8300  580 
0  0.3  3960  490 
30  0.3  9000  555 
 
8.4.9  Calcium toxicity 
70-80% of plants in the 0.3% phosphite treatment group showed mild phytotoxic 
symptoms, i.e. chlorosis of lower leaves or 2 mm of leaf burn at the leaf tip. Calcium 
toxicity was evident in the 30 mM calcium treatment pots at 6-8 weeks post-
inoculation.  Calcium toxicity could be differentiated from Phytophthora dieback 
symptoms which manifest as yellowing starting from the bottom of the plant and base 
of the leaf, whereas calcium toxicity started at the top of the plants and tip of the leaf. 
A white precipitate was observed on the surface of the soil of most of the pots with 
the highest calcium treatment.  The pH of all the soils in all treatments was neutral 
(pH 7.0 – 7.5) for the duration of the experiment. 
8.5  Discussion 
In the absence of calcium supplementation, spraying Banksia leptophylla with 
increasing amounts of phosphite increased the time taken to the development of 
dieback symptoms, and improved the survival time and the above ground condition 
of the plants, when compared to plants that had not been sprayed.  The time taken to 
develop the first symptoms of dieback post-inoculation with P. cinnamomi, i.e. leaf 
chlorosis was the most sensitive above ground indicator of dieback and was 
associated with pathogen infection of roots (Figure 8.3).   Spraying plants with 0.3% 
phosphite improved plant survival time seven-fold, from 47 days to 320 days after soil 
inoculation with the pathogen, and the average time taken to develop above ground 
symptoms improved five-fold from 28 days to 259 days.  However, despite the 
apparent ability of foliar phosphite to control the development of above ground 
symptoms and improve the condition of the surviving foliage, the roots of 0.3 % 187 
phosphite sprayed plants that had not been grown in soil treated with calcium 
showed a dramatic decrease in size and corresponding reduction in the development 
of lateral roots. This observation is in agreement with those of Scott et al. (2012) who 
found that although infected plants may appear healthy, significant damage may 
have occurred underground.  In the case of infection by P. cinnamomi roots are a 
more sensitive indicator of disease as their deterioration is a primary symptom and 
root loss causes the above ground symptoms which are always secondary.  
In the absence of phosphite, plants that had been grown in soil infested with P. 
cinnamomi and treated with 30 mM calcium sulphate took significantly longer to 
develop dieback symptoms, and the average survival time doubled.  However, the 
effect of calcium treatment alone was less effective than phosphite treatment alone.  
Increasing soil calcium concentration did not have a significant effect on the number 
of plants surviving 12-months post-inoculation as the mean survival time of plants in 
the non-phosphite 30 mM calcium sulphate treatment group was 102 days.  It was 
not possible to assess the effect of calcium supplementation on the appearance of 
infected roots in the absence of phosphite as these were accidentally fed to pigs in 
another students experiment. However, P. cinnamomi was recovered from the plugs 
after being recovered from pigs scats five days after feeding (Andrew Lee, pers com.)  
The rate of infection of baits floated on flooded soils was considerably slower for soils 
that had been supplemented with 30 mM calcium, suggesting that increasing soil 
calcium either reduced the inoculum load in the soil or that the pathogenicity of the 
organism was impaired by the higher level of calcium ions in the surrounding 
environment.  The average concentration of soluble calcium contained in the 30 mM 
amended soil was about 4.3 mM and is in agreement with the results of Messenger 
et al., (2000) who showed that sporangia size, zoospore production and colony 
forming units of P. cinnamomi were reduced in soils that had been amended with 1 – 
5 % gypsum (equivalent to 4 – 5 mM exchangeable calcium).  At these 
concentrations zoospore motility was unaffected.  
Treating plants with both phosphite and calcium was significantly (p < 0.001) better at 
preventing symptom development and increasing survival time than treatment with 
either phosphite or calcium alone.  In the absence of any calcium or phosphite 
treatment, only one plant from a total of 36 survived, and its growth was severely 
stunted, while there was 100% survival of plants grown in soil amended with 30 mM 
calcium sulphate and sprayed with 0.3% phosphite at 12-months post-inoculation.  
All parameters, i.e. days to death, the number of survivors 12-months post-188 
inoculation, root morphology and general plant health, demonstrated conclusively 
that spraying plants with phosphite, together with supplementation of the soil with 
calcium sulphate, significantly decreased the effects of disease without otherwise 
adversely affecting plant health.  The pathogen was not killed by either treatment or 
combination of treatments, as it was recovered from all pine plugs in the soils 12-
months after soil inoculation.  
There was no significant difference in plant height or dry weight of foliage between 
phosphite and calcium treatments in the non-inoculated control treatment groups of 
plants 12-months post-inoculation of the trial, demonstrating that neither treatment 
impacted significantly on plant growth.  The concentration of calcium in non-
inoculated plants that had been treated with 30 mM calcium sulphate was twice that 
of plants that had been grown in its absence and corresponded to a doubling of the 
survival time of similarly treated plants grown in infested soil.  Non-inoculated control 
plants from pots treated with 30 mM calcium sulphate contained a greater number of 
cluster roots than plants with no calcium supplementation, but when plants were 
sprayed with 0.3% phosphite no increase in cluster roots with higher calcium was 
observed. The reduction of cluster roots is likely to be caused by phosphite 
suppressing the phosphate starvation response (Varadarajan et al., 2002). 
Additionally, the presence of higher levels of exchangeable calcium in the soil may 
alter the availability of phosphate (Shainberg et al., 1989). The fact that there was no 
significant difference between the survival time of plants sprayed with 0.3 % 
phosphite and grown in soil amended with increasing amounts of calcium, and that 
the number of plants surviving at trial harvest 12-monts after soil inoculation was not 
significantly different from comparable non-inoculated treatment groups indicates that 
the trial would have given useful information if it had been allowed to continue.   The 
size of the plants in relation to pot size made this impossible. However, had it 
continued it is likely that differences in the development of dieback symptoms and 
plant survival time between the calcium treatments would have emerged.  However, 
it is debatable whether the 0.3% phosphite spray would have been sufficient to 
maintain the required protective effect.  
Foliar application of calcium phosphite as a 0.3% solution to Persea americana 
leaves has been trialed in Chile (Cervera et al., 2007).  However, this treatment did 
not significantly improve the final number of leaves or the root density of infected, 
calcium phosphite treated plants when compared to P. cinnamomi infected plants 
that had been treated with 0.3% potassium phosphite. The relative immobility of 189 
calcium ions compared to phosphite in the plant, as well as the insolubility and high 
pH of calcium phosphite may explain these results. These data, together with those 
presented here, indicate that the presence of calcium ions in the soil at the plant 
pathogen interface is necessary to increase the efficacy of foliar phosphite in 
controlling disease caused by P. cinnamomi.   
The higher plant survival using both foliar phosphite and increasing soil available 
calcium may improve the chances of saving some rare and endangered species 
facing extinction in the wild, or at least prolong the time available for developing 
protocols for ex situ conservation. In most situations addition of gypsum to soils of 
natural ecosystems as a means of controlling P. cinnamomi may not be appropriate 
before impacts on local soil characteristics and the microflora are investigated and 
assessed. Use of phosphite in plant nurseries is not encouraged as it could lead to 
distribution of apparently healthy plants in infested soil, but in many domestic 
situations and commercial horticulture where phosphite is used, the enhanced effect 
gained by simultaneous addition of soil calcium will be very valuable.   
The decision to use calcium sulphate over other calcium salts, such as calcium 
nitrate, phosphate or carbonate, was determined by several criteria such as neutral 
pH, low salinity, a tolerance of plants to sulphate ions, and the fact that gypsum 
elevates the level of calcium in soil solution more efficiently than lime (Hetman, 2007; 
Shainberg et al., 1989).  Cost effectiveness of application should trials need to be 
scaled up was also a consideration.  Gypsum has been used for centuries as a soil 
conditioner and in the reclamation of sodic and acid sub-soils.  This is achieved by 
increasing the amount of exchangeable calcium and the breaking up of clay soils, 
increased soil permeability and improvement of the availability of ions such as 
phosphate through electrolyte and exchange effects (Shainberg, 1989).  Gypsum has 
a high soil infiltration rate and can be applied by surface dispersion where over time it 
will dissolve in rain or irrigation water and percolate through the soil.  The application 
of 30 mM calcium sulphate as an aqueous suspension, which was shown to control 
P. cinnamomi dramatically, is equivalent to about 5 g of calcium sulphate L
-1 of soil 
(density 1.68 g). This rate is comparable to the rates of 10 t ha
-1 gypsum that are 
commonly applied to soils to improve their condition (ibid).   
The precise way that phosphite controls oomycete pathogens is not known, however 
some models of its action have been proposed such as enhanced plant defense or a 
decrease in pathogen viability, all of which rely on the similarity between phosphite 190 
and its chemical analogue orthophosphate.  The fact that the effect of phosphite is 
augmented at lower concentrations of calcium suggests that there may be some 
commonality in the underlying mechanism(s) responsible for the similarity of their 
effects.  However, the apparent synergy of their combined use at 30 mM calcium and 
0.3% phosphite infers that there may be additional factors, such as positive feedback 
mechanisms, that enhance the individual actions of phosphite and calcium ions on 
plant defense and the ability of P. cinnamomi to infect plants, reproduce and survive.  
Further experiments are being undertaken to test whether this is due to a buildup of 
pyrophosphates resulting from phosphite treatment (as has been found in P. 
palmivora treated with phosphite (Niere et al., 1990) and alteration in the functioning 
of plasma membrane calcium channel pumps in P. cinnamomi.  This model is 
outlined in the discussion of Chapter 7.  
In conclusion, the combination of soil supplementation with calcium sulphate and 
spraying plants with phosphite significantly increased the survival time of plants 
infected with P. cinnamomi,  decreased the development of dieback symptoms above 
ground and in the roots, and reduced the pathogenicity of P. cinnamomi.   
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9 :   General Discussion 
9.1  General Findings of Thesis 
This investigation into the mechanism of action of phosphite in preventing the 
infection of plants by Phytophthora cinnamomi has shown that: 
  When plants are sprayed with 0.5% phosphite (equivalent to 61 mM) and 
roots inoculated with P. cinnamomi (MP94-98) the concentration of phosphite 
in plants necessary to prevent infection at the pathogen: host interface (i.e. 
roots) is between 1 and 3 mM. The same concentration of phosphite applied 
to P. cinnamomi on filter paper discs does not prevent growth in vitro, but 
does prevent infection in lupin seedling roots.  
  A reduction in pathogenicity was also produced in the absence of phosphite 
by treating P. cinnamomi with the guanine nucleotide exchange factor (GEF) 
inhibitor brefeldin A (10 -250 µM),  increasing external calcium ion 
concentration, or applying the calcium channel blockers ruthenium red or 
lanthanum chloride (100uM).   
  The effect of foliar application of phosphite (0.1 - 0.3%) in preventing disease 
symptoms was dramatically increased when used in conjunction with an 
increased external (soil) calcium ion concentration (3 – 30 mM).    
  The activity of various protein kinases, phosphatases (including 
phospholipase D), as well as the chemical messengers cAMP and abscisic 
acid may be contributory to pathogenicity.  However, the reduction in 
pathogenicity caused by phosphite does not appear to be a primary cause of 
perturbation of their activity in P. cinnamomi.    
These results suggest that disruption by phosphite of the spatial and temporal 
regulation of cytosolic calcium ion concentration gradients in the pathogen, as well as 
inactivation of a member of the Ras-superfamily via inhibition of its guanine 
nucleotide exchange factor, are primarily responsible for reduced phytopathogenesis 
in P. cinnamomi.  However, there is an inherent interdependence of metabolic 
networks and signal transduction pathways and this, coupled with the emergent 
homeostatic mechanisms necessary to maintain the internal chemical micro-
environment, means that a definitive explanation of the action of phosphite based on 
these results alone is difficult.  The following is a discussion of the possible 192 
mechanisms of phosphite incorporating my results and observations with information 
from the literature. 
9.2  Phosphite reduces metabolic flux, alters the metabolic steady-state and 
affects the homeostatic response 
The ubiquity of phosphate involvement in metabolism, and its chemical similarity to 
phosphite strongly suggest that the site of action of phosphite will not be singular and 
that the mechanism by which phosphite reduces the pathogenicity of P. cinnamomi is 
likely to be complex and will also involve the perturbation of pathways not directly 
related to pathogenesis (Grant et al., 1990; Guest and Bompiex, 1990; Niere et al., 
1994; Stehmann and Grant, 2000; Niere et al., 2001).  Additionally, the large size of 
the Phytophthora kinome implys that phosphorylation plays major a role in many 
aspects of their life cycles (Judelson and Ah-Fong, 2010).  Examples of the 
pleiotroptic effects of phosphite are suppression of the phosphate starvation 
response by transcriptional inhibition of relevant genes (McDonald et al, 2001), and 
repression of the induction of glycolytic by-pass enzymes (Carswell et al., 1996).  
The reactions involving orthophosphate include the transfer of orthophosphate 
between lipids, proteins, carbohydrates and nucleic acids, and the kinases and 
phosphatases that facilitate them (Lehinger, 2008).  Orthophosphate also interacts 
non-covalently with proteins such as the transport proteins involved in phosphate 
uptake and storage within cellular compartments (Purich, 2010).  These 
phosphorylated metabolites and the phospho-relay signaling pathways they 
participate in are integral to normal cellular function and regulate the response of the 
cell and the organism to its changing environment.  A consequence of this 
interconnectedness is that although it is possible to assess the impact of phosphite 
on a single reaction in vitro it is difficult to extrapolate these effects to what the 
outcome will be in vivo.   
As phosphite is not incorporated into ATP it is excluded from the phosphate cycle 
(Niere et al., 1994; Stehmann and Grant, 2000).  However the biochemical effect of 
accumulating phosphite will depend inter alia on the phosphate-status of the cell and 
its metabolic steady-state (Griffith et al., 1993; Danova-Alti et al., 2008).  
32Phosphorus (
32P) labeling experiments to investigate the effect phosphite on 
phosphorus metabolism in phosphate starved P. palmivora mycelia found that the 
addition of phosphite to severely phosphate-deprived mycelia resulted in complete 193 
cessation of metabolism and no incorporation of any P
32 (Griffith et al., 1990).   It was 
necessary to add a small amount of orthophosphate (1 µmol) prior to phosphite 
treatment to “kick start” metabolism.  These data, together with the observations of 
McCarren (2006) that high concentrations of phosphite in the presence of low 
orthophosphate inhibits the growth of P. cinnamomi in vitro, together with the 
experiments described in Chapter 5 , suggest that under phosphate-limiting 
conditions, phosphite may prevent cell growth (and possibly cause death) by 
inhibiting the metabolic cycling of phosphate. 
Phosphite treatment (5 -10 mM) of Pi starved (0.15 mM) Brassica nigra seedlings 
resulted in phosphite accumulating 6 - 16-fold over orthophosphate concentration in 
leaves and roots (Carswell et al., 1996).  In phosphate starved tobacco cells, 
phosphite was confined mainly to the cytosol (Danova –Alti et al., 2008).  However, 
when orthophosphate was resupplied there was an efflux of phosphite into the 
external medium; whereas cells preloaded with orthophosphate accumulated 
phosphite predominantly in vacuoles. It is not known how phosphite is 
compartmentalized within Phytophthora, but as oomycetes lack phosphate storage 
vacuoles (Chilvers et al., 1985) one would expect it to be predominantly cytosolic.  
The concentration of phosphite needed to inhibit growth of P. palmivora mycelia by 
50% was calculated to be about 15 mM (Martin et al., 1998).   Under the same 
conditions inorganic phosphate can be calculated to be about 10 mM (from data of 
Niere et al., 1994) making the combined concentration of phosphate and phosphite 
about 25 mM.   When grown under conditions of low phosphate (0.1 mM) in the 
absence of phosphite it can be calculated that mycelia contained between 2 and 3 
mM inorganic phosphate.  The normal concentration of free inorganic phosphate in 
plant cells is about 5-10 mM and can range between 0.5 – 25 mM  (Bieleski, 1973).  
Paradoxically, the addition of phosphite to mycelia causes an increase in intracellular 
orthophosphate concentration (Niere et al., 1994).  In plants, a high intracellular 
phosphate concentration is found when photosynthetic conversion of ADP to ATP is 
slow (Lehninger, 2008).  It is possible that in mycelia phosphite restricts 
orthophosphate from being incorporated into ATP due to competition for binding sites 
on ATP synthase.  This is supported by the data of Griffiths et al., (1990) who 
showed that the concentrations of NAD and ATP were reduced by half in phosphite 
treated mycelia of P. palmivora compared to untreated controls, and this reduction 
could be detected 30 minutes after addition of  
32 P.   194 
The most notable biochemical effect of phosphite on Phytophthora metabolism is the 
35-fold accumulation of pyrophosphate (PPi) (Niere et al., 1994).  The impact this will 
have on the metabolism of an organism that lacks phosphate storage vacuoles 
(Chilvers et al., 1985) may be the reason why phosphite is effective in preventing 
disease caused by oomycetes, and not true fungi (Coffey and Bower, 1984).  
Pyrophosphate is the product of over 100 biochemical reactions (Heinonen, 2001) 
including the synthesis of UDP-glucose, DNA and the production of molecules 
downstream of the condensation reactions of isopentyl pyrophosphate (IPP) such as 
abscisic acid.   As the products of enzymic reactions usually inhibit the activity of the 
enzymes that produce them (Cornish-Bowden, 1976) it would be expected that the 
reactions involving pyrophosphate, or its analogues (i.e. other di-phosphates such as 
ADP, GDP, UDP) would also be affected.  Therefore, even a slight inhibition of 
pyrophosphatase activity would result in the accumulation of pyrophosphate within 
the cytosol of Phytophthora and cause a perturbation in the rates of numerous 
reactions. In this way the presence of phosphite and the accumulation of 
pyrophosphate inhibits the reactions that produce either orthophosphate or 
pyrophosphate, resulting in a backlog of metabolic products that jam the flux through 
the connected pathways and force the cell into a slower steady-state (Figure 9.1). 
As well as being a by-product of several biosynthetic reactions, pyrophosphate has 
been suggested to be an important energy source in Phytophthora cinnamomi 
specifically, and oomycetes generally.  Marshall, J.S.  et al., (2001) showed that P. 
cinnamomi contained four genes that encode pyruvate phosphate dikinase, the 
enzyme responsible for the reversible production of pyruvate and ATP from 
phosphoenolpyruvate, ADP and PPi, as well as two other enzymes that utilize PPi : a 
PPi-dependent phosphofructokinase and an H
+- translocating pyrophosphatase 
(Figure 9.2).  The prevalence of PPi-utilizing enzymes suggest that pyrophosphatase 
may be being used as an alternative energy source to ATP and as such inhibition of 
any pyrophosphatase activity (by either phosphite or Ca
2+) would be detrimental to 
energy production in the cell.  Pyrophosphate has also been found to stimulate the 
uptake of calcium ions into the germlings of Phytophthora infestans (Okorokov et al., 
1978), suggesting that this is in fact the case. 
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Figure 9.1 Conceptual model of the impact of phosphite and calcium ions (green) on the 
orthophosphate cycle (red) in P. cinnamomi.  Pi = orthophosphate; Phi = phosphite; PPi = 
pyrophosphate; PA = phytoalexin; PMCA = plasma membrane calcium ATPase;  X = protein,  
carbohydrate or lipid.  
 
Pyrophosphatase enzymes require Mg
2+ as a co-factor for activity and the substrate 
for the enzyme has been proposed to be Mg
2+.PPi (Lehninger, 2008).  
Pyrophosphatase from P. infestans was inhibited by calcium ions at concentration 
between 0.1 - 20 mM (Susuev et al., 1978) and in Sachromyces cerevisiae and 
Escherischi coli inorganic pyrophosphatases are inhibited by calcium ions (Uribe et 
al., 1993; Avaeva et al., 2000).  Calcium ions have been shown to have a higher 
affinity for the active site than magnesium.  Avaeva et al., (2000) propose that the 196 
inhibition of all Mg
2+- dependent phosphatases is due to the replacement of Mg
2+ by 
Ca
2+ at the active site resulting in a decrease in catalytic hydrolysis of 
pyrophosphatase and a subsequent reduction in release of the hydrolysis products 
(Figure 9.1).   
If the activity of all Mg
2+-dependent phosphatase enzymes is affected by the 
concentration of calcium ions, and the presence of pyrophosphate can affect the 
influx of calcium ions into the cytosol, then it follows that the presence of phosphite 
can affect the activity of all phosphatases and is therefore likely to impact on all 
aspects of cell behavior that involve the action of phosphatases, such as the mitogen 
activated protein kinases (MAPKs).  Other examples of enzymes that are likely to be 
affected by calcium and their roles are given in Tables 2.2 and 7.1. 
Given the degree of cooperativity between calcium and phosphate signaling (Figure 
9.1) it is easy to see how the perturbation of the metabolism of either ion will affect 
the metabolism of the other and how the disrupting the action of both will have 
dramatic implications for the cell.  
As well as inhibiting the action of Mg
2+-dependent enzymes such as phosphatases, 
changes in the cytosolic calcium ion concentrations can also activate enzymes.  For 
example, activation of calmodulin by binding of calcium leads to the stimulation of 
CaM-kinases and the CaM dependent protein phosphatase, calcineurin, as well as 
the activation of various calcium dependent proteases (Santella, 1998).   197 
 
Figure 9.2  Interaction of the metabolic pathways likely to be impacted by alterations in the concentrations of phosphite and pyrophosphate. 198 
   
9.3  An example of altered homeostatic response 
The rapid generation of ROS via NADPH oxidases is one of the earliest reactions of 
the plant defense system to pathogen attack (Dey and Harborne, 1997).  In an 
incompatible reaction this occurs concurrently with the biosynthesis and 
accumulation of phytoalexins and the walling off of the invading pathogen (with lignin 
and callose) from the rest of the organism (ibid).  The timing of these events can 
determine the outcome of the host-pathogen interaction. 
Daniel and Guest (2006) investigated the defense responses induced by phosphite in 
P. palmivora-challenged Arabidopsis.  They concluded that because host responses 
in these normally susceptible plants were more rapid in phosphite treated plants than 
untreated controls, pathogen inhibition was a consequence of enhanced plant 
defense rather than a direct effect of phosphite on the pathogen itself.  In their 
experiment plants were treated with phosphite (1.2 mM) incorporated into the growth 
medium.  It is therefore likely that the accumulation of phosphite in the seedlings will 
result in the suppression of the activity of enzymes that are sensitive to phosphite. 
These enzymes include all enzymes that are allosterically regulated by 
orthophosphate and pyrophosphate (Barachettio et al., 1992; Stehmann and Grant, 
2000), i.e. that “binding” results in a metabolically significant conformational change 
(Purich, 2010).   Inhibition of an enzyme’s activity will usually lead to substrate 
accumulation and eventually induction of gene transcription to increase the 
concentration of the enzyme to compensate for its reduced activity and maintenance 
of an acceptable metabolic steady-state (Lehinger, 2008).  It then follows that 
sustained phosphite treatment will lead to increased synthesis of phosphite-sensitive 
enzymes to restore the loss of activity caused by phosphite inhibition (i.e. a 
homeostatic response).  
When the pathogen infects a phosphite treated plant, it breaches the cell wall and 
begins to take up nutrients, phosphite is also removed along with orthophosphate.  In 
a plant cell that has been treated with phosphite, this results in a sudden reduction in 
the concentration of phosphite present in the cell and will result in the relief of the 
chemical inhibition of (enzyme) activity initiated by phosphite, thus allowing the 
enzyme to operate at increased capacity (i.e. derepression of activity).  Of particular 
note is the possible induction of glucose-6-phosphate dehydrogenase (G6PDH), an 199 
enzyme that is central to defense and stress tolerance in plants (Scharte et al., 2009) 
and whose activity is increased 1000-fold in phosphite treated mycelia (Barichettio et 
al., 1992) and may well be similarly affected in phosphite treated plants.  Glucose-6-
phosphate dehydrogenase is the rate limiting step for entry of glucose into the 
pentose phosphate pathway and the formation of NADPH, a necessary co-factor in 
the production of ROS via NAPDH oxidase (Figure 9.2).  Flux would also be 
increased via the phenylpropanoid and terpenoid pathways to form antifungal 
polyphenolic compounds (such as phytoalexins) due to relief of substrate inhibition of 
farnesyl pyrophosphate synthase by pyrophosphate (see section 9.8 below).  The 
resulting dramatic increase in the activity of these enzymes would cause a rapid 
increase in the metabolic flux through their pathways and mass action effects on 
downstream reactions. The apparent induction of plant defense by phosphite can 
then be understood in terms of the increased activity of phosphite-sensitive enzymes 
by the sudden removal of phosphite (as well as phosphate and other nutrients) from 
plant material by the infecting pathogen.  If the continued presence of phosphite was 
necessary for induction of plant defense, then the increased production of 
phytoalexins and ROS would occur in the absence of the pathogen, which it does not 
(Daniel and Guest, 2006). 
However, in defense of a role for plant defense in the action of phosphite, the gene 
for a conserved protein kinase, MAP3K-alpha, responsible for initiating the 
hypersensitive response to pathogen invasion in Arabidopsis and other crop plants 
has been isolated (Kuykendale and Shao, 2011).  Regulation of its cognate 
phosphatase will therefore be of importance in determining the intensity and duration 
of the plant defense response, which in the case of phosphite treated plants is likely 
to be prolonged due to inhibition of its activity.   
9.4  Chemiosmotic effects of phosphite 
Chemiosmosis describes enzyme reactions that simultaneously involve a chemical 
reaction and a transport process (Lehninger, 2008).  It is likely that Phytophthora spp. 
contain ATPase pumps (phosphohydrolase mechanoenzymes) that drive the 
chemiosmotic reactions relevant to the effect of phosphite on metabolism.  In addition 
to alterations in phosphate metabolism, it is probable that the presence of phosphite 
will have some impact on the cytosolic pH by inhibiting the H
+-ATPase through 
generation of pyrophosphate due to the cumulative inhibitory effect of phosphite and 
Ca
2+ influx on pyrophosphatase activity.  None of these events happen in isolation: all 200 
are connected either directly or indirectly to the presence of phosphite and 
cumulatively they represent a progressive drift towards an alternative steady state 
that results in: 
  Decreased metabolic flux 
  Perturbed cytosolic (or vacuolar) pH (see graph of pKa and concentration of 
monoanion/pH, in Appendix F)) 
  Perturbed cytosolic calcium signaling (Chapters 7 and 8)  
King et al. (2010) found that transcription of an ABC transporter was up-regulated in 
the mycelia of phosphite treated P. cinnamomi.  ABC transporters are a large family 
of ATP-dependent transporters that pump a variety of compounds, including ions, out 
of the cell against a concentration gradient. They are usually found in the plasma 
membrane and can be specific for a particular compound or promiscuous, and may 
also function as ion channels.  Alteration in any ATPase-dependent mechanism will 
therefore have a de-regulatory effect on normal cell function, and may affect pH, Ca
2+ 
signaling or any of the cellular processes that depend on them.   
The cytosolic and cell compartment (vacuolar) pH will affect the concentration of the 
monoanionic forms of phosphite and orthophosphate present in the cell, the relative 
amounts of which can be calculated using the Henderson-Hasselbach equation.  
The optimum pH for maximal rate of phosphate uptake by membrane transport 
proteins in plants is pH 5.5 - 6 (Danova-alt et al., 2008).  As it is the monoanionic 
form of orthophosphate that is biological active, the question to be answered is :- at 
pH 6, how much phosphite and orthophosphate are in the monoanionic form (i.e. the 
ratio of H
+ donor and H
+ acceptor) ?  It is suggested that excessive amounts of 
phosphite will eventually alter the pH around which the cells of plant or pathogen will 
buffer, and decrease it eventually from an optimum of 7.2 (pKa of orthophosphate) to 
the more acidic 6.8 (pKa of phosphite). (This assumes that phosphate is the main 
buffering ion in the cell, which it may not be).  The pH of the cellular environment is 
an important parameter.  If the mechanism by which phosphite exerts its effect is 
due, ultimately, to an alteration of cytosolic pH then a way of testing this is to use pH 
sensitive fluorescent dyes such as pyranine.  201 
9.5  GTPases, GTPase activating proteins and guanine nucleotide exchange 
factors  
In all eukaryotic cells the fungal lactone brefeldin A (BFA) disrupts the transport of 
proteins in the secretory and endocytic pathways between the endoplasmic reticulum 
(ER) and Golgi, causing a rapid release of vesicle coat proteins into the cytosol, 
resorption of Golgi cisternae into the ER and inhibition of further vesicle formation 
(Nebenfuhr et al., 2002).  Endomembrane trafficking was also inhibited by BFA in rat 
kidney cells indicating phylogenic conservation of this mechanism (Alveres and Sztul, 
1999).   
A molecular target of BFA is the guanine nucleotide exchange factor (GEF) for an 
ADP ribosylation factor (ARF), and one of the roles of this ARF is to recruit coat 
proteins (COPI) to membranes to form transport vesicles.  Zhang et al. (2010) have 
shown that treatment of Arabidopsis pollen tubes with BFA not only inhibited 
endomembrane trafficking but also disrupted the apical F-actin ring at the apex.  In 
fact the dynamics of the actin cytoskeleton are interdependent on endomembrane 
trafficking and visa versa (ibid).  The cytoskeleton is made up inter alia of monomeric 
globular actin molecules and tubulin subunits (Schmidt and Panstrugga, 2007).  
Disturbing endomembrane trafficking with BFA disrupted the F-actin ring at the apex 
without affecting actin cables within the shank of the pollen tube (ibid).  As BFA-
treated colonies of P. cinnamomi were significantly less pathogenic (but still able to 
grow vegetatively at a normal rate) than untreated controls (Section 6.3.3) it can be 
inferred that dynamic cytoskeleton and endosomal recycling is essential for 
pathogenesis.  
Both BFA (25 uM) and phosphite (3 mM) were shown to have the same inhibitory 
effect on the pathogenicity of P. cinnamomi without a concomitant inhibition of 
vegetative growth.  From this one can infer that there is an overlap in their 
mechanism of action. This mechanism is likely to involve the inactivation of GTPases 
whose action is necessary to infect plant cells.  This may occur through GTPase 
sequestration via an inactive GDP-bound ARF-complexes (as is the case with BFA) 
or through the competitive binding of high levels of phosphite or pyrophosphate to the 
active site, as would be the case with phosphatases generally.  
In plants the Rho-like GTPases (ROPs) regulate actin architecture via the Rac / Rho 
GTPase family along with the calcium-dependent protein kinases (CDPKs).  The fact 
that actin depolymerisation factors (ADFs) are inactivated by phosphorylation by 202 
CDPKs and modulate actin filamemt turnover and therefore overall cytoskeletal 
architecture represents another level of possible of deregulation and control by 
phosphite (Zhang et al, 2010). 
The GTP-bound form of ARF (ARF.GTP) stimulates phospholipase D (PLD) activity 
on Golgi-enriched membranes from several cell lines and is also sensitive to 
inhibition by BFA (Ktistakis et al., 1996).  PLD is activated by all ARF.GTP proteins, 
as are all PtdIn4P5K an enzyme that generates PtdIns-4,5-bisphosphate (PtdIns-4,5-
P2 (Donaldson and Jackson, 2011).  An important point is that BFA inhibits 
exocytosis but allows endocytosis to occur (Baluksa et al., 2002).  PLD is a 
membrane-associated enzyme that catalyses the hydroloysis of phosphatidyl choline 
to phosphatidic acid (PA) and choline. The incorporation of PA into the plasma 
membrane causes it to develop a negative curvature that is commensurate with the 
formation of vesicles.  Phosphatidic acid acts as a docking site for proteins, and its 
presence can therefore alter their subcellular location (Meijer and Govers, 2006).  It 
is also involved in the generation of PtdIns-4,5-P2, a second messenger for calcium 
ion release from internal vacuoles (section 9.6), and has been shown to be a pH 
biosensor that can link membrane biogenesis to metabolism (Young et al., 2010) 
(section 9.4).  Endocytosis used to be viewed as a mechanism that absorbed 
membrane bound receptors (such as receptor tyrosine kinases or G-protein coupled 
receptors, GPRCs) and delivered them to recycling or degredation pathways 
(Lehninger, 2008). Engulfed receptors, and their bound-ligands, may continue to 
signal from endosomes generating unique signals and sustaining signal intensity and 
that these endosomes rely on cytoskeletal scaffolds and molecular motors to traverse 
the cytosol making conveyance of the signal from membrane to nucleus is faster than 
it would be than by diffusion alone (Scita and di Fiore, 2010).  A continuous flow of 
membranes of endocytic origin is needed for the polarised cytoskeletal dymanics 
necessary for asymmetric tip growth through vesicle incorporation into the plasma 
membrane in cells such as in pollen, root hairs and hyphae. 
Pathogenesis is associated with the exocytosis of adhesive material at the point of 
zoospore encystment and subsequent secretion of degredative enzymes such as 
pectinases and celulases (Hardham, 2007).  Zoosporangiogenesis involves 
cytokinesis (division of the cytoplasm) a process which is likely to involve endocytosis 
and the GTPase RAB as well as ARFs (Scita and di Fiore, 2010).  Endocytosis also 
involves GTPases other than ARF, for instance Rho (Murphy et al., 2009).   203 
These processes will also occur in hyphae that come into contact with a plant cell 
and, because they involve G-protein signaling, are likely to be inhibited by BFA.  
Polarised hyphal growth is indispensible for plant colonizing pathogens such as 
Phytophthora spp. (Schmidt and Panstrugga, 2007) and is also associated with the 
accumulation of vesicles at the hyphal tip (refered to as the Spitzenkorper) and at the 
stage of invasive hyphal growth the tip becomes actin depleted as a result.  Defects 
in tubulin reorganization have been associated with absence of penetration peg 
formation in Magnaporthe grisea and subsequent lack of invasive growth (ibid).  
Griffith et al., (1990) have shown that cysts derived from phosphite-grown sporangia 
produce severely stunted germ-tubes.  
Using a “top-down” (deductive ) approach King et al. (2010), found that in the mycelia 
of phosphite-treated P. cinnamomi phosphite induced the up-regulation of genes 
involved in signal transduction (ADP- ribosylation factors, ARFs),  active transport 
(ABC transporter) and glycosyl transfer, and the concomitant down-regulation of 
genes involved in gluconeogenesis (pyruvate phosphate dikinase, PPDK), cell wall 
biosynthesis (cellulose synthase), calcium ion binding protein (annexin) and ubiquitin-
conjugating enzyme (Ubc) (Appendix F).   These results imply that phosphite inhibits 
the activity of a GTPase, ARF-like protein and are in agreement with the results 
reported here (Chapter 6) that inhibition of GTPase activity by BFA through formation 
of a dead-end complex (BFA.GEF.ARF.GDP) mimics the action of phosphite, and 
inhibits the phytopathogenicity of P. cinnamomi probably through suppression of 
endocytosis. 
However, the optimum activity of all GTPases is ultimately dependent on the 
formation of sufficient GTP from ATP for their function. The reduction in ATP 
concentration caused by phosphite (Griffiths et al., 1990) (possibly through inhibition 
of glucose-6-phosphate dehydrogenase activity) may also be a factor involved in 
inhibition of the activity of GTP-binding proteins and perturbation of their signal 
transduction abilities. 
Despite this it is likely that BFA’s specific effects will vary between cell types and 
between species as not all GEFs or ARFs are the same (Langhans et al., 2011). 
9.6  Phosphatidylinositide phosphates  
An aspect of phosphate metabolism and signaling that has not been covered in this 
thesis, but is likely to be relevant to phosphite action, is the role of phosphorylated 204 
phosphatidylinositides (PIPs) in pathogenesis, particularly phosphatidylinositol 4,5-
bisphosphate (PIP2).  PIP2 is a metabolic precursor of inositol 1,4,5-triphosphate 
(InsP3) and is also a signaling molecule mediating diverse cell functions such as actin 
polymerization, regulation of ion channels, assembly and disassembly of vesicular 
coats, and mRNA processing (Lehninger, 2008).  PIP2 recruits various proteins to the 
plasma membrane, interacts with actin-binding proteins and regulates 
polymerization-depolymerization dynamics of microfilaments.  It can bind to PH and 
PX domains on PLD isoforms to modulate membrane attachment and position as 
well as its enzymic activity (Oude Weernink et al., 2007).  The regulation of the levels 
of the PIPs by PIP kinases and phosphatases is yet another level of metabolic 
control that may be affected by phosphite.  Phytophthora spp. encode twelve proteins 
that contain both a GPRC and a PIP kinase domain which when stimulated trigger G-
protein signaling and PIP synthesis (Bakthavatsalam et al., 2006).  Additionally, 
phosphatidylinositol-3-phosphate (PI3P) is abundant on the outer surface of plant cell 
plasma membranes and mediates the translocation of Phytophthora pathogen RXLR-
dEER-effectors into the cell (Kale et al., 2010).  All PIP kinases are stimulated by 
phosphatidic acid and are regulated by ARFs and Rho GTPases and are inhibited by 
protein kinase A and PI-stimulated autophosphorylation (Oude Weernink et al., 
2007). The presence of phosphite in plant roots at the site of pathogen ingress may 
alter the amount of PI3P present in plant cell membranes and therefore reduce the 
number of pathogen effector molecules able to enter the cell and cause disease.  
9.7  Phenyl propanoid and terpenoid pathways 
Sterols, or steroid alcohols, are isoprenoid derived molecules synthesized via the 
mevalonate / terpenoid, HMG-CoA reductase or DOXP pathways (Lehninger, 2008).  
All sterol biosynthesis involves the formation of a farnesyl pyrophosphate 
intermediate by condensation of two molecules of isopentenyl pyrophosphate (IPP) 
and release of pyrophosphate.  This reaction, catalysed by farnesyl diphosphate 
synthase, can be inhibited by a variety of bisphosphonate compounds (such as those 
used to control proliferation of the malaria parasite in red blood cells (Lehninger, 
2008).  Bisphosphonates inhibit the condensation reactions involving IPP because 
they are chemical analogues of pyrophosphate.  Recently it has been demonstrated 
that upregulation of farnesyl diphosphate synthase in Centella asiatica hairy roots 
increases phytosterol and triterpene biosynthesis suggesting that this enzyme can 
regulate the flux through the terpenoid pathway (Kim et al., 2010). 205 
Interaction between the terpenoid pathway and the synthesis of phenolic compounds 
via the phenyl propanoid pathway is of interest because the roles of these two 
pathways appear at once to be mutually exclusive and yet mutually beneficial.  In rat 
liver enzymes in the mevalonate pathway can be inhibited by products of the phenyl 
propanoid pathway, namely chorismate and phenylalanine (Sharma Bhat and 
Ramasarma, 1979).  This is consistent with the notion that plant responses to biotic 
stress, i.e. induction of ROS, the hypersensitive response, the production of 
phytoalexins and salicyclic acid, are at odds with responses to abiotic stress which 
involves the production of sterols, and other signaling molecules involved in the 
stress response such abscisic acid (Yasuda et al., 2008).  However, although the role 
of abscisic acid (ABA) in the response of plants to drought and salinity is well 
established, the role of ABA in plant defense is not. Likewise, the role of sterols in 
plant defense is still being examined.  All this suggests that the connections between 
the terpenoid and phenyl propanoid pathways in plants are complex and that there 
are likely to be multiple levels of metabolic control (Xie et al., 2008).  
Phytophthora species are sterol auxotrophs,that require exogenous sterols for 
induction of sporangia and oospores (Hendrix, 1964).  The oomycete plant pathogen 
Aphanomyces euteiches is able to produce fucosterol and cholesterol from the 
precursors lanosterol and 7-dehydroxycholesterol suggesting that part of the sterol 
biosynthetic pathway may be conserved in Stramenopiles (Madoui et al., 2009).   In 
the absence of a biologically active sterol such as cholesterol, β-sitosterol or 
ergosterol, sterol auxotrophic oomycetes grow vegetatively and produce 
chlamydospores, but are unable to reproduce sexually or undergo 
zoosporangiogenesis. Ergosterol, a necessary component of fungal cell membranes, 
serves the same function as cholesterol in animal cells and is a precursor to Vitamin 
D2, converted by UV light.  Is this why zoosporangiogenesis in Phytophthora spp. is 
enhanced by light?  Sterols also occur in plant membranes, where they lend structure 
and flexibility. These molecules are released when the membranes are broken down 
by the “necrotrophic” enzymes produced by Phytophythora, and are subsequently 
absorbed by the pathogen with the aid of sterol transporter proteins known as 
elicitins (Madoui et al., 2009).  Sterols accumulate in mycelial membranes of 
Phytophthora (Marshall, J.A.  et al., 2001) and it is likely that the chemical role of 
sterols in oomycete reproduction is for processes involving cytokinesis and the 
synthesis of β-1,3-glycan polymers (Lehninger, 2008).   A parallel can also be drawn 
from animal models where sterols have a high affinity for, and activate receptors in 
the nuclei of many cell types.  Many of the sterol:receptor complexes act as 206 
transcription factors that regulate transcription of specific genes involved in the 
downstream cellular response to the presence of sterols, such as a developmental 
signal.   
Various species of plants treated with phosphite show an increased metabolic flux via 
the phenyl propanoid pathway resulting in higher concentrations of phenolic 
compounds in their roots (Table 2.6 on page 31).  Although the concentration of 
sterols in phosphite-treated plants has not been assessed, it is conceivable that 
phosphite may have the dual effect of increasing phenyl propanoids in plants, 
thereby enhancing plant defense, as well as decreasing the synthesis sterols which 
are needed primarily for responses to abiotic stress.  In this case one of the effects of 
phosphite would be to limit the availability of sterols at the host-pathogen interface, 
and in doing so would limit the asexual reproductive potential of the pathogen. As 
Phytophthora spp. interact with their hosts by undergoing successive rounds of 
infection, asymptomatic and symptomatic phases of growth, curtailing its ability to 
grow (a direct effect of phosphite) and reproduce (an indirect effect of phosphite) 
would help to control its spread.    
9.8  Protein prenylation 
As well as being integral to the synthesis of sterols and other isoprenoids the 
mevalonate / terpenoid or MEP/DOXP pathways produce non-sterol metabolites that 
are essential for normal cell function.  The prenylation of proteins involves the 
covalent addition of farnesyl or geranyl pyrophosphates (derived from isopentyl 
pyrophosphate) to thiol containing amino acids of proteins (Rubio et al., 1999).  
These proteins include members of the Ras-superfamily of GTP hydrolases, which 
are substrates for prenylation enzymes, such as farnesyl transferase.  The 
prenylation of proteins aids in their membrane association through the attachment of 
the hydrophobic prenyl moiety, and positions the proteins within easy reach of a 
substrate.  Disruption of protein attachment to membranes results in loss of their 
biological activity and subsequent disruption of physiological structure and 
biochemical function.  
Parasites such as Trypanosoma brucii and Plasmodium falciparum are particularly 
susceptible to farnesyl transferase inhibitors such as bisphosphonates (Jordao et al., 
2011) as well as the bisphosphonate analogue, pyrophosphate.  Farnesyl transferase 
inhibitors have also been used with partial success to treat progeria, a congenital 207 
childhood disease of premature aging.  As with progeria (i.e. an increase in 
prenylation of progerin), phosphite may decrease protein prenylation due to 
accumulation of pyrophosphate in the cytosol.  These data are in keeping with the 
idea that inhibition of G-protein function may contribute significantly to pathogenicity 
and therefore phosphite action as inhibition of GTPase function through prevention of 
GDP exchange for GTP through inhibition of GEF activity has been demonstrated 
with brefeldrin A (Chapter 6).  Additionally the type of isoprenyl group attached to the 
protein (i.e. a farnesyl or geranylgeranyl groups) has been shown to contribute to the 
signaling specificity of Ras GEFs (Gotoh et al., 2001). This could be easily tested by 
extracting proteins from control and phosphite treated P. cinnamomi mycelia that had 
been fed 
14C-labled IPP and observing differences in labeled protein band intensity 
(Jordao et al., 2011). 
9.9  Calcium and phosphite 
The most significant and potentially useful finding of this thesis is that the addition of 
calcium ions to the soil, in the form of calcium sulphate, dramatically augments the 
effect of foliar phosphite treatment.  Increasing extracellular calcium levels in vitro to 
30 mM reduced the pathogenicity of P. cinnamomi as did sequestration of 
extracellular calcium by EGTA, suggesting that an optimal calcium concentration is 
necessary for pathogenesis to occur.  The need for a particular calcium ion 
concentration has been previously noted when making axenic zoospores (Erwin and 
Riberio, 1983) and also for normal growth of Phytophthora spp. (Boughton et al., 
1987).  Like phosphorus, calcium ions are important in metabolism and play a role in 
many aspects of cell signaling in terms of calcium signatures generated by first 
messengers.  Several primary messengers have been elucidated for calcium ion 
signaling such as inositol bisphosphates (IP2P), cADP ribose, nicotinic acid adenine 
dinucleotide phosphate (NAADP) and calcium ions themselves (calcium ion induced 
calcium ion release) all of which bind to the cognate receptors and function as ligand-
gated Ca
2+ channels (Lehninger, 2008). Calcium ions also play a role in remodeling 
the actin cytoskeleton via actin binding proteins whose activity is regulated by 
calcium, and the actin cytoskeleton itself may alter the intracellular calcium releasing 
mechanisms from the endoplasmic reticulum and other internal stores.  208 
9.10  Future work 
In addition to the experiments already suggested, the following work is proposed to 
expand on the findings of the thesis. 
9.10.1 Phosphite and gravitropism 
The model proposed in this thesis to account for the anti-pathogenic effect of 
phosphite involves (inter alia) the inhibition of a plasma membrane calcium 
dependent ATPase (section 2.9; Chapter 8). These mechano-enzymes are found in 
plants, oomycetes and animals and are responsible for actively removing calcium 
ions from the cytosol.  The experiments in Chapter 8 showed that adding calcium to 
the soil multiplies the effect of foliar phosphite, and the results of Chapter 7 showed 
that the calcium channel blocker ruthenium red and lanthanum chloride and EGTA 
inhibit pathogenicity of P. cinnamomi on lupins, and that this effect is potentiated by 
combining treatment with phosphite.  However, a direct link between the action of 
phosphite and disruption of calcium-dependent ATPases per se has not yet been 
proven.  The most obvious way of doing this would be to use Ca ATPase inhibitors 
(such as cyclopiazonic acid), in conjunction with non-hydrolysable ATP analogues 
and calcium fluorophores, to demonstrate that the application of phosphite has the 
same effect on pathogenicity as inhibition of the Ca-ATPase.  Alternatively, one could 
show that phosphite inhibits gravitropism in plant roots. 
It has already been shown that inhibition of cress root Ca-ATPases inhibits the 
transduction of the gravity stimulus i.e. gravitropism (Sievers and Busch, 1992).  
Gravitropism is also inhibited by lanthanum chloride in snapdragon shoots indicating 
an involvement of calcium ions (Friedman et al., 1998), and InsP3 (section 9.6) has 
been implicated in the response in A. thaliana (Perera et al., 2006).   Initial trials 
using eight-day old lupin seedlings sprayed with 0.3% phosphite showed that after 48 
hours the gravitropic response of phosphite-treated seedling roots was considerably 
reduced when compared to control plants that had not been sprayed (Appendix B).  
These experiments need repeating, and further investigation in terms of the effect of 
both phosphite and a specific Ca
2+-ATPase inhibitor, on the possible inhibition of the 
growth of treated roots (as well as the gravitropic response itself), in order to confirm 
a causal effect.   
Annexins are multifunctional calcium dependent, membrane binding proteins that 
have been shown (variously) to have peroxidase activity, ion transport capabilities 209 
and nucleotide phosphodiesterase activity ( i.e. ATPase activity) (Mortimer et al., 
2008; Laohavisit and Davies, 2010).   Annexins have been shown to be redistributed 
in gravistimulated pea plumules (Clark et al., 2000) indicating that there is a 
correlation between the vector of gravity and the distribution of annexins in plants.  
King et al., (2010) have shown that annexin homologues are up-regulated in 
phosphite treated P. cinnamomi mycelia.  Given the idiosyncracies of Phytophthora 
molecular biology perhaps annexins and Ca-dependent ATPases are one and the 
same molecule?  
No experiments have examined the effect of gravity on Phytophthora spp.  However, 
a precedent does exist for a role for gravity viz stimulation of zoospore encystment by 
mechanical agitiation, a process that is also calcium dependent (Byrt and Grant, 
1979), and some work has been done on calcium ion fluxes in gravitropically 
stimulated Phycomyces blakesleeanus (Zivanovic, 2005).  Many researchers in the 
field of polarized apical tube growth use pollen tubes (Michard et al., 2009), lateral 
roots (Richter et al., 2009), root hairs (Campanoni and Blatt, 2007), and hyphal 
extension and branching (Brand and Gow, 2009; Morris et al., 2011) as model 
systems to investigate the molecular mechanics underlying calcium-dependent “tube” 
extension.  Brefeldrn A is known to negatively affect growth in Arabidopsis pollen 
tubes (Zhang et al., 2010).  Perhaps the lower pollen fertility produced by phosphite 
treated Dryandra sessilis (Fairbanks et al., 2001) can be attributed to the effect of 
phosphite on pollen tube growth.    Clearly there is much more to be discerned here, 
particularly with respect to the role of oomycete Ca-ATPases in pathology, and hence 
possibilities for disease control.   
9.10.2 Carbohydrate partitioning 
Sucrose is synthesized in the leaf mesophyll cells and transported via the phloem to 
roots, stems, seeds and fruits.  This is facilitated inter alia by SWEET proteins (Chen 
et al., 2012).  Reduced efflux of sucrose from leaves due to defective SWEETs, leads 
to a reduced translocation of sugars to roots (reduced phloem loading) and results in 
stunted plants with reduced root growth (Chen et al., 2012).    Most plants store 
carbohydrates as (transitory) starch in their leaves during the day and break it down 
into sucrose for export to other parts of the plant the following night.  Stunted plants 
can also be produced by blocking starch synthesis via inhibition of ADP-glucose 
pyrophosphorylase (Weise et al., 2011).   210 
Overexpression of glucose transporters and invertase in the apoplast has been show 
to increase plant defense in transgenic tobacco leaves (Essmann et al., 2008).  
During defense against pathogen ingress, callose formation via callose synthase is 
one of the strongest sinks of sugars, reducing intercellular sugar transport, sucrose 
export and apoplastic sugar levels. In plants with RNAi-mediated repression of cell 
wall invertase, activity of this enzyme was repressed by 90% along with a reduction 
in apoplast carbohydrate levels, sucrose export and associated callose formation.  
This resulted in an impaired defense response (Essemann et al., 2008). 
If phosphite is having an impact on both plant defense and pathogen virulence a 
common mechanism to both organisms is the effect that phosphite is having on 
carbohydrate partitioning.  It is known that Phytophthora spp. produce an 
extracellular invertase and can uptake glucose and fructose into the cell via 
transporters (Sheard and Farrar, 1987).  Does phosphite interfere with the sugar-
uptake mechanism and subsequent metabolism in P. cinnamomi?  Or does 
phosphite alter carbohydrate partitioning in plant cells so that less sucrose is 
available to the pathogen whilst simultaneously ensuring an increased deposition of 
callose?  Callose is synthesized from UDP-glucose by either callose synthase or 
sucrose synthase and may involve the plant sterol sitosterol (Lehinger, 2008).  In 
plants, phosphorylation of sucrose-6-phosphate synthase (SPS) reduces sucrose 
synthesis from fructose-6-phosphate (Figure 9.2).  A phosphatase, SPS 
phosphatase, reverses this inhibition and increases the synthesis of sucrose from 
UDP-glucose and F-6-P, assuming of course that these metabolites are available 
(Lehninger, 2008).   Additionally, inhibition of sucrose-6-phosphate phosphatase will 
also result in inhibition of sucrose synthesis (Chen et al., 2005).  Relief of this 
inhibition by the sudden withdrawal of phosphite (for example at fruit drop, if it can be 
shown that fruit contain phosphite) will result in the de-repression of the activity of 
these enzymes and the resumption of sucrose synthesis. This may explain, at least 
partly, the apparent stimulatory effect of phosphite on citrus yields (Lovatt et al., 
1990; 1999). 
In Phytophthora spp. the accumulation of pyrophosphate will inhibit beta-glucan 
synthesis (Heinonen, 2001) which in turn would affect cell wall biosynthesis, 
cytokinesis and hence zoosporangiogenesis.  These interconnected and highly 
regulated metabolic networks have evolved to ensure that the supply of carbohydrate 
and energy is optimum for the conditions of the time and to avoid the accumulation of 
potentially dangerous intermediates.  If phosphite does in fact alter carbohydrate 211 
partitioning it could be tested in plants by  staining phosphite treated and control un-
treated leaves with iodine (Lugol’s solution) and observing differences in the levels of 
starch production after exposure to dark (Chen et al., 2005).  Phosphite treated 
plants would be expected to contain higher levels of starch due to inhibition of 
sucrose synthesis. 
9.10.3 Nudix hydrolases 
All phosphoanhydrase enzymes (EC 3.6.1) hydrolyse the pyrophosphate linkage and 
include inorganic pyrophosphatases and plasma membrane calcium-transporting 
ATPases (Lehninger, 2008).   The Nudix hydrolases (nucleoside diphosphates linked 
to some moiety X) are part of this group and are a ubiquitious superfamily of 
enzymes (EC 3.6.1.13) present in all prokaryotic and eukaryotic organisims.  They 
hydrolyse the phosphoanhydride bond of various substrates including 
(deoxy)ribonucleoside diphosphates and triphosphates; nucleotide sugars and 
alcohols, coenzymes, dinucleoside polyphosphates, and RNA caps (Xu et al., 2006; 
Kraszewska, 2008).  The diverse biological function of Nudix hydrolases is due to 
their substrate promiscuity arising from the conserved catalytic site with nucleoside 
pyrophosphohydrolase activity (the Nudix motif) and substrate specificity due to the 
sequence of amino acids outside of the homologous region (Xu et al., 2006).   
In plants’ Nudix enzymes have pyrophosphohydrolase (pyrophosphatase) activity 
towards ADP ribose and other adenine containing molecules such as NAD(P)H, and 
play a role in biotic and abiotic stress (Huang et al., 2012).   The enzymes inter alia 
hydrolyse ADP sugars to AMP and a sugar phosphate, for example ADP ribose is 
hydrolysed to ribulose-5-phosphate (Figure 9.2).  Overexpression of a Nudix 
hydrolase (AtNUDX6) in Arabidopsis increased tolerance to oxidative stress, and 
positively regulated NPRI (nonexpressor of pathogenesis-related genes1)-dependent 
salicylic acid signaling (Ishikawa et al., 2010).  It has also been shown that a P. sojae 
avirulence effector Avr36 is a secreted NADH and ADP ribose pyrophosphylase that 
modulates and reduces plant immunity (Dong et al., 2011).  Expression of AVr36 in 
tobacco increased the plants’ susceptibility to P. capsici and P. parascitica with a 
concomitant decrease in ROS accumulation (ibid).   
Research into the regulatory role of the plethora of recently identified adenine-
containing compounds is still in its early stages.  However, it is clear that the ubiquity 
of the Nudix hydrolases (which regulate the levels of the many adenine containing 
compounds (Kraszeska, 2008)) across species, and the diversity of their roles within 212 
the cell (from metabolism to homeostatsis such as modulation of cellular redox (Tong 
et al., 2009)), suggests a central and integrated place for these enzymes within the 
evolutionary and biochemical hierarchy of metabolic control (Grahnert et al., 2011).  
The fact that the catalytic activity of pyrophosphatases is inhibited by pyrophosphate 
indicates that the activity of Nudix hydrolases is also extremely likely, though not 
proven, to be inhibited by pyrophosphate.  The implications of this are particularly 
interesting with regard to the effect of phosphite on the metabolism of Phytophthora 
species as well as the general role of Nudix hydrolases in the chemistry of plant 
defense.  Future work could be directed towards establishing the presence, activity, 
and effect of phosphite on the activity of Nudix hydrolases in Phytophthora spp., and 
the role of these enzymes in the plant defense generally.  
9.10.4 AMP kinase 
AMP-activated kinase (AMPK) is an energy sensor that reacts to increasing cellular 
AMP:ATP ratios and therefore acts indirectly as a glucose sensor and/or indicator of 
mitochondrial function (Hardie, 2011). The phosphorylated active enzyme responds 
to an increase in AMP by itself phosphorylating proteins involved in glucose transport 
and stimulation of glycolysis  and fatty acid oxidation (Lehninger, 2008) and the 
transcription of genes involved in catabolic metabolism (Hardie, 2011).  Many plant 
secondary metabolites (such as capsaicin, resveratrol and quercetin) activate AMPK 
by inhibiting mitochondrial function (ibid), and this suggests that activation of AMPK 
in pathogens is a negative regulator of pathogenicity (an ATP consuming process).  
Calcium ions and calcium signaling are also implicated in activating AMPK (ibid).   
AMPK is inactivated by dephosphorylation by protein phosphatase PP2C, which is 
itself inactivated by phosphorylation in THr172 (Blanco Martinez de Morentin et al., 
2011).  The effect of inhibition of protein phosphatase PP2C would therefore be 
activation of AMPK which would have the same effect as the presence of inhibitory 
secondary metabolites (phytoalexins) produced by plants defense.  The plant 
defense hormone, salicylic acid, has been shown to directly activate AMPK by 
binding to the same site as the AMPK activator A-769662 and inhibit 
dephosphorylation of the activating phosphorylation site (Hawley et al., 2012).  
Future work in this area would involve investigating the links between the function of 
AMPK in plants and pathogen with the hypothesis that the application of the AMPK 
activator (A-769662) to the pathogen would have a similar effect to phosphite.  It is 
anticipated that it would. 213 
9.11  Conclusion 
The premise of this thesis is that phosphite affects many aspects of Phytophthora 
and plant metabolism.  The results of the research suggest that the inhibition of the 
pathogenicity of P. cinnamomi by phosphite is likely to be caused by a perturbation of 
calcium ion regulation and subsequent disruption of the co-ordinated signaling 
required for successful plant infection.  Inter alia this will result in the disruption of the 
dynamic cytoskeleton and endosomal recycling that is essential for pathogenesis.  
The general damping-down of metabolism that accompanies the feedback inhibition 
of increased cytosolic calcium ion concentration on magnesium-dependent 
phosphatase enzymes, explains most of the biochemical and physiological changes 
observed in phosphite treated Phytophthora spp. and plant hosts.  It also explains 
why outright resistance to phosphite has not developed. 214 
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Investigations into root infection of hydroponically grown Arabidopsis thaliana 
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In an attempt to identify a compatible host-pathogen interaction to use as a model 
pathosystem, hydroponically –grown plants of twenty Arabidopsis thaliana ecotypes, 
10-14 days old, were inoculated with zoospore suspensions from 28 Phytophthora 
cinnamomi isolates. Three weeks after inoculation there were no plant deaths and 
seedling shoots appeared healthy.  In inoculated plants, no root lesions were 
observed.  Although root length was reduced in inoculated plants in comparison to 
non-inoculated controls, shoot dry weight was either only slightly reduced or 
unaffected, depending on the ecotype. None of the twenty A. thaliana ecotypes 
screened were considered highly susceptible to the P. cinnamomi isolates present in 
the mixed inoculum. The similarity of inoculated plants to non-inoculated controls 
after exposure to high inoculum potential heavy zoospore treatment make 
hydroponically grown A. thaliana an unsuitable model to assay the pathogenicity 
effectiveness of P. cinnamomi. 
Keywords: pathosystem, susceptibility, tolerance, hydroponics 
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Introduction 
Phytophthora cinnamomi is a devastating root-rot pathogen of many important crop 
and native plant species worldwide.  In the South West Botanical Province of 
Western Australia, P. cinnamomi is a serious threat to the conservation of native 
plant communities, causing root rot disease in over 2300 of the region’s 5710 
described species (Shearer et al. 2004).  
Most research into the interaction of P. cinnamomi with host plants has focussed on 
woody species that are not well suited to genetic analysis due to their long 
intergenerational times, large amount of space required for genetic studies, and 
uncharacterised genomes.  A more suitable system would be Arabidopsis thaliana 
due to the availability of it’s genome sequence, it’s small size and rapid growth.  
Several authors have described pathosystems based on the interactions of 
Phytophthora with A. thaliana.  Roetschi et al. (2001) established that Phytophthora 
brassica infection resulted in the formation of wilt lesions on leaves of A. thaliana.  
Phytophthora infestans also infects A. thaliana but does not cause lesions, instead 
discreet necrotic spots are observed at the site of infection (Huitema et al. 2003). 
Daniel and Guest (2006) described a Phytophthora parasitica A. thaliana 
pathosystem in which infection was characterised by the development of cytoplasmic 
aggregates, release of superoxide, localised cell death, and increased accumulation 
of phenolics.  An earlier study by Robinson and (Cahill 2003) had described a P. 
cinnamomi A.thaliana pathosystem.  These researchers used parameters such as 
chlamydospore production, formation of callose papillae and sporangia, and 
production of dead cell clusters and hydrogen peroxide production in seedling roots 
and detached leaves of 2 or 4 week old plants grown in pots of seed raising mix.  On 
the basis of these parameters ecotypes of A. thaliana could be distinguished by their 
susceptibility to P. cinnamomi. 
We have been studying the root infecting pathogen P. cinnamomi, which causes 
disease on a wide range of native Australian plant species.  The use of a model 
system such as A. thaliana would be a great advantage in these studies.  In this 
paper we investigate the infection of roots of hydroponically grown A. thaliana by P 
cinnmomi.  The hydroponic system was used as it allows greater as this allows 
greater control over the infection process, and facilitates recovery of the roots post-
infection. 216 
Materials and Methods 
Experimental Design 
Twenty A. thaliana ecotypes were exposed to an inoculum containing mixed 
zoospores of 28 P. cinnamomi isolates. Independent variables were A. thaliana 
ecotype and P. cinnamomi zoospore treatment. Dependent variables were visible 
symptoms of infection of A. thaliana such as shoot dry weight and root length.  Six A. 
thaliana ecotypes that exhibited some degree of reduction in shoot mass and/or root 
length in response to zoospore treatment were selected to use in a smaller-scale 
repeat of the experiment, in which seedling roots were exposed to a mixed zoospore 
inoculum of 10 P. cinnamomi isolates.  Dependent variables in the second 
experiment were visible symptoms of infection of A. thaliana such as shoot and root 
dry weight and root length.  
Plant growth conditions 
 Seeds of the 20 A. thaliana ecotypes used by (Robinson and Cahill 2003) were 
purchased from Lehle Seeds (Round Rock, Texas).  These ecotypes, with 
abbreviations in brackets were: Aua/Rhön (Aa-0), Bensheim (Ben), C24, Cape Verde 
Islands (Cvi-0), Columbia-0 (Col-0), Columbia-3 (Col-3), Columbia-PRL (Col-PRL), 
Dijon-G (Dij), Estland (Est), Greenville (Gre-0), Kendalville (Kin-0), Landsberg erecta 
(Ler), Mühlen (Mh-0), Niederzenz (Nie), Nossen (No-0), RLD, RLD1, S96, Turk Lake 
(Tur) and Wassilewskija (Ws-2).  Plants were grown hydroponically to facilitate 
zoospore inoculation and to enable observation and recovery of the roots.  Rockwool 
plugs approximately 3 cm
3 in size were inserted into black-plastic frames above light-
proofed plastic tubs (Fig 1a).  Each tub received 500 mL of commercial hydroponics 
nutrient solution (Ag-Grow
®, Aquaponics, Canning Vale Western Australia) made to 
half strength (as directed by the manufacturer) in deionised water with pH adjusted to 
6.5.  This solution was replaced weekly.  Root aeration was provided by a 2 cm gap 
between the surface of the hydroponics solution and the tub container (Fig 1c).  
Seeds were sown in excess onto rockwool plugs and stratified at 4ºC for 2 days 
before being placed in a growth chamber at 23°C with a 16 h photoperiod.  Ten to 14 
days after germination, seedlings were thinned to 8 plants per plug.  For each 
ecotype, 15 plugs of 8 seedlings were randomly distributed across 20 tubs (Fig 1a) 
and grown in hydroponics solution for 4 weeks prior to inoculation.  Plants in 15 tubs 
were treated with zoospore suspension, and plants in the remaining 5 tubs were 
used as non-inoculated controls.  217 
A. thaliana ecotypes Aa-0, Ben, Col-0, Dij, Gre-0 and Nie were used in the second 
trial.  Growth conditions were similar to the first trial except that the Ag-Grow
® 
nutrient solution was diluted to quarter strength and the photoperiod was reduced to 
12 h.  Plants were grown individually in rockwool plugs with approximate dimensions 
of 3 cm × 1.5 cm × 1.5 cm.  The plugs were inserted into 2.5 cm high × 1 cm 
diameter tubes (the cut-off tops of 5 mL pipette tips) and fitted into holes in the lids of 
light-proofed hydroponic tubs so that the lower part of each rockwool plug was 
submerged in the nutrient solution (Fig 1c).  Six tubs were set up with inoculated 
plants and 6 tubs had non-inoculated controls, with two plants of each ecotype in 
each tub.  
P. cinnamomi zoospore production 
Twenty-eight P. cinnamomi isolates from the Murdoch Culture Collection were used 
to produce zoospores in the first trial (Table 1).  Ten of these isolates which produced 
abundant zoospores were selected for use in the second trial.  All isolates were 
passaged through apples one week prior to the experiment as described by Ribeiro 
(1978) to ensure virulence had not been lost in culture.  Zoospores were generated 
using a modified method of Dolan and Coffey (1986) using non-sterile soil extract.  
Pure cultures of P. cinnamomi were grown on V8 agar (Miller 1955) in the dark at 
25°C for 4-5 days until approximately 6 cm in diameter.  Twenty agar blocks 5 mm
2 in 
size were transferred to a Petri dish and incubated with V8 broth for 2 days in the 
dark at 25°C.  The broth was subsequently decanted and cultures washed 3 times 
with deionised water. Twenty millilitres of soil water extract (100 g of potting mix in 1L 
of deionised water incubated for 5 h at room temperature (25
0C) and filtered through 
Whatman #1 filter paper) was added to the washed agar plugs.  Soil-extract treated 
cultures were incubated for a further 2 days under cool fluorescent light at 27°C.  
Mycelia were checked under the microscope for the presence of sporangia then 
placed at 4°C for 30 min to synchronise release of zoospores.  Plates were incubated 
at 25°C until zoospores were released. Zoospores concentrations varied between 
1×10
3 and 1×10
5 zoospores/mL, depending on the isolate.   
Inoculation procedure 
Twenty millilitres of zoospore suspension and 5 mycelial plugs (0.5 cm
2) from each 
isolate were added directly to 1L hydroponic tubs containing 4 week old A. thaliana 
seedlings.  Roots of the seedlings were immersed in a mixture of zoospores and 
mycelial plugs from 28 P. cinnamomi isolates at 23°C in the dark for 24 h.  Non-218 
inoculated control plants were incubated in filtered soil-water extract rather than the 
zoospore suspension mix. After 24 h the plants were removed from the inoculum, 
rinsed in deionised water and transferred to clean tubs containing fresh nutrient 
solution.  Plants were grown for a further 3 weeks before harvest.  An identical 
inoculation procedure was used in Trial 2 except the inoculum contained ten P. 
cinnamomi isolates selected for production of high numbers of zoospores from the 
original 28 isolates. 
Lupin seedling controls 
Lupin (Lupinus angustifolius) seedlings were used to confirm the zoospore virulence 
of each of the 28 P. cinnamomi isolates.  Three day old lupin seedlings were 
inoculated with 100 µL of zoospore suspension from each P. cinnamomi isolate as it 
was added to the inoculum mixture.  Controls were inoculated with soil water extract. 
Seedlings were incubated on filter paper, in Petri dishes, in the dark, at 25°C for 3 
days and then checked for lesions (dark discolourations of root tissue).  Three day 
old lupin seedlings were also placed alongside Arabidopsis seedlings in the infection 
vessel in the presence of the combined zoospore suspension (two lupin seedlings 
per tub).  After 24 h the lupin seedlings were removed, blotted dry, transferred to 
Petri dishes and monitored for the development of lesions.  
Harvesting of inoculated plants 
Trial 1- Three weeks after inoculation, rockwool plugs containing the inoculated 
plants were removed from the hydroponic tubs.  Plants were photographed and the 
maximum root length (extent of protrusion from the base of the rockwool plug) for 
each plug was measured.  The aboveground portions of the five largest plants from 
each rockwool plug were removed and their dry weight determined after drying at 
70°C for ten days. Root sections 1 cm in length were excised from two randomly 
selected control and treatment plants of each ecotype.  The sections were immersed 
for 1 min in 1% sodium hypochlorite, 1 min in 70% ethanol, rinsed twice in sterilised 
deionised water and then blotted dry and plated onto the Phytophthora selective 
medium NARPH described previously (Huberli et al. 2000).  The plates were 
incubated in the dark for 2 days at 25°C and the presence of mycelia was recorded.  
Plants in Trial 2 were also harvested 3 weeks after inoculation and 7 weeks after 
germination.  For each ecotype, 2 plants of inoculated and control treatments had 
root sections excised, surface sterilised and plated onto NARPH as described above.  219 
Aboveground plant parts and root tissue (contained within and protruding from the 
rockwool plugs) were dried at 70°C for 1 week and weighed.  Root weight was 
calculated as the increase in dry mass of each rockwool plug before planting and 
after the harvest.  Before harvesting, the roots were also examined for visible lesions.  
The plants were examined for signs of plant death. 
Statistical analysis 
The statistical significance of differences between the means of zoospore-treated 
and control plants of each ecotype were assessed with independent samples t-tests.  
Data were first analysed with Levene’s test for equality of variances.  When Levene’s 
test indicated variances were heterogeneous, an independent samples t-test with 
unequal variances assumed was used.   If Levene’s test did not indicate 
heterogeneous variance between control and treatment data, an independent 
samples t-test with equal variances assumed was used.  The two-tailed limit of 0.05 
was used as the criterion for significance in all statistical analyses, all of which were 
conducted SPSS 15.0 software.  
 
Results 
Expriment 1 - Shoots 
Three weeks after A. thaliana seedlings were inoculated with the mixed zoospore 
suspension, there were no plant deaths and the foliage of both inoculated and non-
inoculated plants appeared healthy (Figure 2).  Measurements of shoot dry weight 
indicated zoospore-treatment reduced shoot growth of Gre-0 (p = 0.006) and Ben (p 
= 0.015) but the difference for most ecotypes was not significant (Fig 3a).  When data 
for all ecotypes were bulked, average shoot dry weight was significantly (p = 0.017) 
decreased from 17.3 mg (± 0.35 mg, n = 60) in non-inoculated control plants to 15.9 
mg (± 0.89 mg, n = 240) in zoospore treated plants. 
Experiment 1 - Roots 
The effect of zoospore inoculation was more evident in the roots than in the foliage. 
Roots of treated plants were significantly shorter than those of non-inoculated 
controls in al  20 ecotypes (Figure 3b).  No visible lesions were observed on the 
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Experiment 2 - Shoots 
Six relatively sensitive ecotypes to P. cinnamomi infection (as determined by a 
reduction in foliar mass and/or root length) were selected from the first experiment 
for use in a smaller-scale repeat of the experiment.  These ecotypes were Aa-0, 
Ben, Col-0, Dij, Gre-0 and Nie.  In the second experiment, seedlings were grown in 
individual plugs rather than in groups of eight to enable the root dry weight of 
individual plants to be calculated (Figure 1c & d). Under the less crowded 
conditions, the plants grew larger (mean shoot dry weight 201.0 mg) than those in 
the first trial (mean shoot dry weight 20.7 mg).  Trends were otherwise similar to 
the first experiment.  Treating seedlings with the inoculum containing zoospores of 
10 P. cinnamomi isolates (rather than 28 as in the first trial) did not significantly (p > 
0.05) alter the shoot dry weight of any of the ecotypes tested individually, but when 
data of all ecotypes were bulked, zoospore treatment led to a significant reduction 
(p < 0.05) in shoot dry weight (Fig 4a).   
Experiment 2 – Roots 
Zoospore treatment again led to a reduction in root length, although this reduction 
was less pronounced than in the first trial.  A. thaliana roots treated with zoospores 
appeared darker and thinner in comparison to non-inoculated roots.  Root length 
was significantly (p < 0.05) reduced in response to inoculation of the ecotypes Aa-0 
and Col-0, and when root length data of all six ecotypes were bulked together 
(Figure 4b).  Zoospore-treatment also tended to reduce root weight. This reduction 
was not statistically significant (p > 0.05) when ecotypes were analysed 
individually, but was significant (p < 0.05) when the dry weight of inoculated roots 
of all ecotypes was compared to non-inoculated roots (Figure 4c).  
Recovery of P. cinnamomi  
In both trials, P. cinnamomi was recovered from 100% of zoospore treated A. 
thaliana root sections plated onto Phytophthora selective medium three weeks after 
inoculation.  No Phytophthora was recovered from root sections of non-inoculated 
control plants.  
Lupin controls 
In both trials, necrotic, water-soaked lesions developed in the roots of lupin seedling 
controls inoculated with zoospore suspensions from individual isolates.  This 221 
indicated that zoospore suspensions for all were viable and virulence had not been 
lost.  No lesions developed in lupin seedlings mock-inoculated with soil-water extract.  
Lesions also developed in lupin seedlings incubated alongside A. thaliana seedlings 
in the mixed zoospore suspension but did not develop in seedlings incubated 
alongside A. thaliana controls immersed in soil water extract rather than the mixed 
zoospore suspension. 
Discussion 
Twenty hydroponically grown A. thaliana ecotypes inoculated with a mixed 
suspension of 28 P. cinnamomi isolates showed no disease symptoms in the foliage 
after three weeks but did show a significant reduction in root length compared to the 
uninoculated plants.  It is possible that growth of the pathogen in infected roots is 
quickly walled off and growth of laterals is initiated.  Whether this occurred is not 
known, as the upper portion of roots were encased in a rockwool plugs.  Regardless 
of whether roots regenerated in this manner it is clear that that sufficient functioning 
root tissue survived to support shoot growth.  Of course in a hydroponic system 
where the roots are bathed in the nutrient solution, it is to be expected that significant 
loss of roots can occur without any deleterious effects on the plant. 
The lupin controls showed that all of the isolates used in this study were virulent as 
lesions developed on the lupin seedlings inoculated with individual isolates.  
Therefore the mixing of isolates for infection of the A. thaliana plants did not mask the 
virulence as the lupins incubated in the same container as the A. thaliana showed 
typical symptoms of disease caused by P. cinnamomi. 
The effect of zoospore inoculation on root length was less marked in the second trial 
than in the first.  There are several possible explanations for this difference.  In the 
second trial, zoospores of ten rather than 28 P. cinnamomi isolates were used to 
inoculate the plants (Table 1); these isolates were selected due to their reliable 
zoospore production and it is therefore possible that isolates with the greatest 
pathogenicity towards Arabidopsis were omitted from the second trial as the degree 
of virulence for each isolate was not measured in these experiments.  The difference 
may also be due to a reduced inoculum load or due to altered environmental 
conditions. In the second trial, plants were grown individually in rockwool plugs, 
rather than in groups of eight (Fig 1).  The reduced competition resulted in larger, 
healthier plants that may have been more capable of mounting defense against P. 
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Ecotypes Gre-0 and Col-0 were found to be among the most sensitive to P. 
cinnamomi inoculation in terms of a reduction in plant mass and root length.  These 
findings differ from those of Robinson and Cahill (2003) who used P. cinnamomi 
isolate DU026 to inoculate roots and detached leaves of two and four week old 
seedlings of the same 20 A. thaliana ecotypes used in the present study.  They 
differentiated resistant and susceptible ecotypes of A. thaliana on the basis of growth 
of the pathogen within the host tissue and on chlamydospore and sporangium 
production.  Although macroscopic symptoms such as death of the plants was not 
observed, these researchers considered A. thaliana to be a host for P. cinnamomi as 
the pathogen is able to infect and grow within the host tissues.  Similar conclusions 
were reached by Roetschi et al. (2001) who studied infection of A. thaliana by 
Phytophthora porri, and by Huitema et al. (2003) who studied the infection of A. 
thaliana by Phytophthora infestans.   
Parameters such as chlamydospore and sporangium production were also used by 
Robinson and Cahill (2003) to differentiate resistant and susceptible ecotypes.  
However these may not be suitable parameters for this purpose as P. cinnamomi has 
previously shown to be capable of producing chlamydospores and sporangia on the 
roots of P. cinnamomi-resistant species such as Corymbia calophylla and Gahnia 
radula (Cahill et al. 1989).  Cahill and co-workers investigated morphological 
responses of P. cinnamomi inoculation on a number of plant species exhibiting a 
range of susceptibility to the pathogen, from highly susceptible to highly resistant.  
They found that P. cinnamomi penetrated and formed small lesions on all species 
tested, regardless of field susceptibility. The difference between resistant and 
susceptible species was their ability to contain the spread of lesions. Resistant 
species were able to contain lesions by the deposition of phenolic material and 
changes in cellular organisation at the site of infection, whereas in susceptible 
species lesions were not contained but progressed through the roots and eventually 
led to wilting of shoots and plant death (Cahill et al. 1989).  The response of A. 
thaliana inoculated with P. cinnamomi zoospores in this experiment is consistent with 
a resistant interaction as described by (Cahill et al. 1989).  Similarly the responses 
observed on infection of A. thaliana with P. porri (Roetschi et al. 2001), or P. 
infestans (Huitema et al. 2003) would also be consistent with a resistant reaction.  
This type of resistance is termed non-host resistance and contrasts with specific 
resistance which follows Flor’s gene-for-gene model (Huitema et al. 2003).  A. 
thaliana is therefore considered to be a good model to study non-host resistance to 
Phytophthora.   223 
The aim of this experiment was to identify macroscopic symptoms associated with 
infection of A. thaliana by P. cinnamomi.  A hydroponic system was used as it is 
easier to control infection, and it has previously been shown to be effective with other 
plant species (REF).  Such macroscopic symptoms would be a great advantage in 
enabling us to use the power of this experimental system to investigate host infection 
by P. cinnamomi.   
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Table 1 Phytophthora cinnamomi isolates used to inoculate Arabidopsis thaliana seedlings in 
hydroponic culture.  The ten isolates marked with an asterisk were also used to produce a 
mixed inoculum in the second trial.  
 
Isolate 
 
Mating type 
 
Host plant isolated from 
 
Location 
         
A15 *  A1  Eucalyptus marginata  Kelmscott, WA 
A2394  A2  Banksia ilicifolia  Gosnells, WA 
A26   A2  Casuarina cunninghamiana  Barton, ACT 
MP27  A2  E. marginata  Jarrahdale, WA 
MP100  A2  Corymbia calophylla  Jarrahdale, WA 
MP102 *  A2  C. calophylla  Jarrahdale, WA 
MP103  A2  C. calophylla  Huntly, WA 
MP114  A2  C. calophylla  Willowdale, WA 
MP125 *  A2  E. marginata  Huntly, WA 
MP128 *  na  Xanthorrhoea preissii  Jarrahdale, WA 
MP32  na  Banksia spp.   Jarrahdale, WA 
MP62 *  A2   E. marginata  Jarrahdale, WA 
MP80 *  A2   C. calophylla  Jarrahdale, WA 
MP86  A2  C. calophylla  Jarrahdale, WA 
MP91  A2  C. calophylla  Jarrahdale, WA 
MP94-03  A2  E. marginata  Willowdale, WA 
MP94-13  A2  E. marginata  Willowdale, WA 
MP94-17  A2  E. marginata  Willowdale, WA 
MP94-18  A2  C. calophylla  Willowdale, WA 
MP94-20 *  A2  E. marginata  Willowdale, WA 
MP94-30 *  A2  E. marginata  Willowdale, WA 
MP94-37   A2  E. marginata  Willowdale, WA 
MP94-48 *  A2  E. marginata  Willowdale, WA 
MP97 *  A2  E. marginata  Jarrahdale, WA 
MP97-12  A2  E. marginata  na 
MP98  A2  E. marginata  Jarrahdale, WA 
MP99  A2  C. calophylla  Jarrahdale, WA 
MPDO39  A2  E. marginata  na 
na = information not available                                                                                                                           
WA = Western Australia                                                                                                                                     
ACT = Australian Capital Territory 
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Figure 1 – Hydroponics system in which Arabidopsis thaliana ecotypes were 
inoculated. a) Hydroponics system used in Trial 1, showing rock-wool plugs before 
seed stratification.  b) The same container after 4 weeks growth (8 plants per rock 
wool plug). c) & d) – Hydroponics  system used in the second trial after 4 weeks 
growth. The outer foil layer has been removed to allow roots to be viewed. The black 
scale bar represents 2cm. 
 
Figure 2 – The effect of inoculation with a mixed zoospore suspension of 28 
Phytophthora cinnamomi isolates on the growth of Arabidopsis thaliana ecotype 
Bensheim a) control, b) inoculated. Bensheim was one of two ecotypes in which 
zoospore treatment led to a significant reduction in shoot dry weight. Rockwool plugs 
are 3cm in height and each contain 8 seedlings. Roots were inoculated with a mixed 
zoospore suspension of twenty-eight P. cinnamomi isolates 4 weeks after 
germination, and photographed after a further 3 weeks of growth. 
 
Figure 3 – Effect – The effect of inoculation with a mixed zoospore suspension of 28 
Phytophthora cinnamomi isolates on a) shoot dry weight and b) root length of 20 
Arabidopsis thaliana ecotypes. Bars denoted ‘All’ represent combined data of all 
ecotypes. Black bars represent zoospore-treated plants and white bars represent 
untreated controls. Stars indicate a significant (p < 0.05) difference between 
inoculated and control means. Error bars represent the positive standard error of the 
mean. For each ecotype inoculated n = 12 and control n = 3. 
 
Figure 4 – Effect of Phytophthora cinnamomi zoospore inoculation with a mixture of 
ten isolates on a) dry shoot weight, b) root length and c) root dry weight on 6 
Arabidopsis thaliana ecotypes. The roots of seedlings were inoculated with a mixed 
P. cinnamomi zoospore suspension 4 weeks after germination and harvested after a 
further 3 weeks of growth. White bars: zoospore-treated plants, black bars: non-
inoculated controls. Bars denoted ‘All’ represent combined data of all ecotypes. A 
star indicates a statistically significant (p < 0.05) difference in the means of zoospore-
treated and non-treated plants. Error bars represent the positive standard error of the 
mean. For a) and c) n = 10 for inoculated and controls, for b) n for inoculated and 
control plants = 12. 
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11 :   Appendix B 
Phosphite and Gravitropism 
Materials and methods 
Lupins were germinated and placed into growth rolls as described in sections 4.3.2 
and 4.3.3.  When plants were 8 days old their foliage was sprayed with 0.3% 
phosphite as described in section 4.5.1.  48 hours after spraying with phosphite the 
germination roll was un-rolled and the direction of root growth marked on the bag. 
Plants were prevented from moving by securing the bag between plants with extra-
long hair pins. The bags, front and back, were then covered in aluminium foil and, 
using a retort stand, secured in a horizontal position, i.e. plants were rotated 90
0.  
The bottom edge of the bag was placed into a tray of water. Plants were incubated 
under conditions described in section 4.3.3 for a further 48 hours.  
Results 
 
Figure 1. Twelve day old L. angustifolius plants sprayed with A. water and B. 0.3% phosphite, and 
rotated 90
0 for 48 hours. 
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